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Abstract: Design and Evolution of Enzymes with New Catalytic Mechanisms

A thesis submitted to The University of Manchester for the degree of Doctor of Philosophy in the
Faculty of Science and Engineering (School of Natural Sciences, Department of Chemistry), 2021

Rebecca Crawshaw

The combination of computational design and directed evolution could offer a general strategy to
create enzymes with new functions. To date, this approach has delivered de novo enzymes for a
handful of model reactions, selected based on previous achievements with catalytic antibodies. In
this thesis we show that new catalytic mechanisms can be engineered into proteins to accelerate
valuable chemical transformations for which no natural enzymes or catalytic antibodies are known.
Evolutionary optimisation of a primitive designed ‘enone-binding protein’ (BH32) afforded a highly
efficient and enantioselective enzyme (BH32.10) that catalysed the Morita-Baylis-Hillman (MBH)
reaction. BH32.10 is suitable for preparative scale transformations, accepts a broad range of
aldehyde and enone coupling partners, and is able to promote highly selective mono-
functionalisations of dialdehydes. Crystallographic, biochemical and computational studies reveal
that evolution has led to a sophisticated catalytic mechanism comprising a His23 nucleophile paired
with a fortuitously positioned Argl24. This catalytic arginine serves as a genetically encoded
surrogate of privileged bidentate hydrogen bonding catalysts (e.g. thioureas), which promote a wide
range of reactions in organic synthesis.

In a separate study, we have exploited an expanded genetic code to develop de novo hydrolases in
the BH32 scaffold that employ Me-His as a non-canonical catalytic nucleophile. This study
showcases how the integration of new functional components into enzyme design and evolution
workflows can open up new modes of reactivity in protein active sites. Combined, the research
presented in this thesis describes new approaches to generate enzymes with catalytic mechanisms
not seen in Nature, which will guide the development of de novo enzymes for a broader range of

chemical transformations in the coming years.

The research carried out during this PhD is presented as a series of manuscripts that are either
published, in review or planned for submission at peer-reviewed journals. The research has been
presented in this manner as the majority of the candidate’s research has been published or is at a
suitable stage for the preparation of draft manuscripts. Furthermore, the prepared research
manuscripts lend themselves to a clear narrative and their preparation has taken equal time and

consideration to that of a traditional thesis.

The contents are organised as followed:

Chapter 1: an introduction into the field of biocatalysis and enzyme engineering;
Chapter 2: aims of the PhD project;

Chapter 3: a research article describing the design and evolution of an enantioselective enzyme for

the Morita-Baylis-Hillman reaction;

11



Chapter 4: a research article describing the substrate scope of an engineered enzyme for the Morita-

Baylis-Hillman reaction;

Chapter 5: a research article describing the design and evolution of an enantioselective hydrolase

with a non-canonical catalytic mechanism;
Chapter 6: conclusions of the thesis and future outlook;
Chapter 7: manuscript supporting information including materials and methods.

Chapter 8: accepted manuscript of Chapters 3 and 4, including supporting information and materials

and methods.

Chapter 9: a review article discussing recent progress in the field of enzyme design and engineering.
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Chapter 1: Introduction

In Nature, enzymes catalyse a diverse array of complex biochemical transformations with remarkable
efficiency and selectivity under mild reaction conditions. These properties make enzymes highly
attractive as biocatalysts for the cost-effective and sustainable production of pharmaceuticals,
speciality chemicals and commodity chemicals.[1-2] Biocatalysis is how seen as a key route to the
development of a greener chemical industry. Advances in DNA synthesis and sequencing services,
bioinformatics tools and computational modelling methods, and workflows for high-throughput
structural and biochemical enzyme characterisation, have led to the generation of enzymes which
have played important roles in numerous industrial processes.[3-7] In the mid-twentieth century,
pharmaceutical companies employed enzymes such as cytochrome P450 monooxygenases for the
regio- and stereoselective hydroxylation of steroids such as progesterone 1 and 170-
hydroxyprogesterone 2, producing key aldosterone and cortisone intermediates 11-
deoxycorticosterone 3 and 11-deoxycortisol 4, respectively, (Figure 1).[8-9] However, wild-type
enzymes are rarely optimal for industrial application, often displaying low solvent tolerance, stability
and a poor substrate scope. To expand their practical utility, protein engineering strategies such as
directed evolution have emerged as a powerful method to tailor biocatalysts to a desired application.
This route also allows for the development of enzymes that promote non-natural reactions with high

efficiency and selectivity, further expanding the synthetic utility of biocatalysts.

21-hydroxylase
Cytochrome P450

21-hydroxylase
Cytochrome P450

17a-hydroxyprogesterone 11-deoxycortisol

Figure 1: The hydroxylation of steroids by recombinant Cytochrome P450s. Cytochrome P450
21-hydroxylase catalyses the conversion of progesterone 1 to the aldosterone precursor 11-
deoxycorticosterone 3, and the conversion of 17a-hydroxyprogesterone 2 to the cortisone precursor
11-deoxycortisol 4.[8-9]
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11 Directed evolution

Directed evolution is an iterative process that mimics Darwinian evolution in vitro and provides a
versatile and powerful strategy for tuning and optimising enzyme properties for desired applications
(Figure 2).[10,11] It comprises three main steps: the identification of a suitable enzyme displaying
promiscuous activity towards a given reaction, gene diversification of the selected enzyme
generating DNA libraries, and protein production and screening, which leads to the identification of
variants with improved characteristics. During the transformation of host cells, such as E.coli, each
cell takes up a single clone leading to spatial separation of library members, preserving the linkage

between genotype and phenotype.

I

isolate gene generation of

mutant libraries

T
Wild Type — T

T IIITITTTTITIIT

isolation of

gene/ DNA
shuffling X
Directed
Evolution

identification expression
of mutants
of mutants
displaying
desired properties

selection screening

Figure 2: The directed evolution cycle. The gene coding the target protein is isolated and libraries
of mutants are generated. Cells are transformed with the DNA library and variants are expressed
and screened for the desired activity. Clones displaying the desired properties are isolated and

characterised. The cycle is repeated until the desired properties are achieved.

Identification of a suitable starting enzyme for evolution often involves screening a panel of native
enzymes identified using bioinformatics tools such as genome mining and BLAST searches. Once a
template has been chosen, the gene sequence is diversified using a number of standard molecular
biology methods such as random mutagenesis or site saturation mutagenesis. The chosen method
of library generation depends on various factors including the availability of structural information and
screening capacity. When ultra-high throughput screening methods are available, large libraries (10°-
108) are generated using techniques such as error-prone PCR[12] and DNA or gene shuffling.[13,14]
16



These methods are particularly attractive for the identification of catalytically important residues or
‘hot-spots’, which may be difficult to predict by rational design. When only medium throughput assays
are available (10%-10* variants), smaller, more focused libraries are generated, often employing
computational modelling and bioinformatics to guide the selection of amino acid residues for
randomisation. These libraries are generated using techniques such as saturation mutagenesis using
reduced codons[15-17] or iterative combinatorial active site testing (CASTing).[18,19] Beneficial
diversity is typically combined during evolutionary optimisation using DNA shuffling. These libraries
are then subjected to robust screening assays and selection systems, ensuring positive hits are
identified with a low number of false positives. Large libraries (105-108) require specialised high-
throughput assays such as colony-based assays,[20] fluorescence activated cell sorting (FACS),[21]
microfluidics-based screening,[22] phage display[23] and yeast display,[24] where product or by-
product formation is commonly linked to a coloured or fluorescent response.

Although relatively low-throughput, arraying colonies into 96-well plates for protein production and
screening offers the greatest versatility, as variants can be evaluated using a wide range of
chromatographic,[4] spectrophotometric techniques.[25,26] This approach is commonly used for
applications in industrial biocatalysis as the screening methods are compatible with process
conditions involving high substrate loadings, high temperatures and the use of cosolvents. It is also
possible to automate these workflows using colony pickers and liquid handling robots, which improve
speed, accuracy and throughput.

1.2 Repurposing Nature’s Enzymes

Wild-type enzymes are often not suitable for direct use in industrial applications and must first
undergo optimisation to improve properties such as substrate specificity, selectivity, catalytic
efficiency and stability. This section will highlight some key recent examples.

1.2.1 Sitagliptin

The redesign of a transaminase (TA) for the industrial production of Merck’s antidiabetic drug
Sitagliptin 7, also called by the brand name Januvia, is a notable example (Figure 3).[3]
Transaminases are pyridoxal 5’-phosphate (PLP)-dependent enzymes that catalyse the transfer of
an amino group (NHz) from an amine donor to a ketone acceptor to generate chiral amines. A panel
of transaminases were screened for activity towards the prositagliptin ketone 5, however no hits were
identified. An (R)-selective transaminase (ATA-117) had previously been developed for the (R)-
specific transamination of methyl ketones and small cyclic ketones and this was selected as the
starting scaffold for evolution. Docking studies using a homology model of ATA-117, suggested that
the prositagliptin ketone would not bind in the ATA-117 active site due to steric clashes in the small

binding pocket.
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Chemocatalytic

NH,4OAc
i-PrNH,

Transaminase

Acetone

1. Rh chiral catalyst/H, (250 psi) , Sitagliptin
2. carbon treatment to remove Rh 99.95% enantiomeric excess

l H3PO,

F
FsC Sitagliptin \

97% e.e
1. heptane/i-PrOH
2.H3PO,

i-Pr= isopropyl

N’Nﬁ/\N + )\ —_—

N\ N\) 9

F3C

Prositagliptin analogue

Figure 3: Chemical and enzymatic synthesis of Sitagliptin. The chemical approach utilises a

rhodium-based chiral catalyst, whereas the biocatalytic route uses an engineered transaminase.[3]

The size of the substrate binding pocket was increased over 11 rounds of evolution using a substrate
walking approach. Initially, libraries were screened for increased activity towards the truncated
substrate 9, and then later rounds of variants were screened towards the target substrate 5. Libraries
were arrayed in 96-well plates, and following protein production were evaluated for activity using a
HPLC based assay. During evolution 27 mutations were installed using a combination of site
saturation and random mutagenesis. Under optimal conditions, the final variant converted 200g/L
prositagliptin ketone 5 to Sitagliptin 7 in a 92% vyield and >99.95% e.e. in 50% DMSO with 6g/L

biocatalyst loading. This translated to a 25,000-fold improvement in catalytic activity when compared
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to the starting catalyst ATA-117. Traditional chemical synthesis of Sitagliptin 7 involved the
asymmetric hydrogenation of an enamine 6 at high pressure (250 psi) using a rhodium-based chiral
catalyst. This biocatalytic process outcompetes the previous chemical process and provides a 10-
13% increase in yield, 53% increase in productivity (kg/L per day) and a 19% reduction in total

waste.[3]

1.2.2 Islatravir

Codexis and Merck have engineered five different enzymes which form part of a nine-enzyme in vitro
cascade process for the manufacture of HIV drug Islatravir 30.[4] This new approach surpasses the
previous twelve step chemoenzymatic route (Figure 4)[27] and produces the desired product in fewer
than half the steps (Figure 4) and in higher yield (51% in comparison to 17%). Cascades are
advantageous in comparison to chemical synthesis; they can save resources by negating the need
to isolate intermediates; avoid waste generated by purifying intermediates; evade enzyme inhibition
through consumption of inhibitory intermediates as they are formed; and linking reactions together
can help to drive the equilibrium towards product formation.

The bacterial nucleoside salvage pathway served as inspiration for the synthesis of Islatravir 30,
which assembles nucleosides from simple building blocks when run in reverse. For the salvage
pathway to become a viable route, the three enzymes making up the pathway, Purine Nucleoside
Phosphorylase (PNP), Phosphopentomutase (PPM) and Deoxyribose 5-Phosphate Aldolase
(DERA), needed to be repurposed to accept unnatural substrates bearing a fully substituted carbon
at C-4 of the 2-deoxyribose ring. Panels of these three enzymes were screened and the most
promising hits were optimised using directed evolution. The three-enzyme cascade process using
optimised biocatalysts, PNPrases, PPMrdsee and DERARrdszes, produces Islatravir 30 from 27-29 in a
76% vyield. Screening of a panel of Kinases for phosphorylation activity towards 25, led to the
identification of pantothenate kinase (PanK), which showed low-level activity towards (R)-25. PanK
was evolved to provide PanKrpsse Which is employed in tandem with an acetate kinase (AcK) to
regenerate the adenosine triphosphate cofactor. The desymmetrising oxidation of 24 to 25 is
achieved using an evolved galactose oxidase (GOase). Initially GOase favoured formation of the
undesired (S)-enantiomer of 25 with a 40:60 R:S ratio, evolution reversed selectivity to 90:10 R:S for
25 as well as giving an 11-fold improvement in activity. Synthetic application of the engineered
GOase (GOaserdi3ss) required two additional redox enzymes; a peroxidase to maintain the oxidation
state of copper; and catalase to catalyse the decomposition of hydrogen peroxide by-product. The
fully assembled cascade yielded Islatravir 30 from relatively simple building blocks in an overall yield
of 51%.[4]
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1.2.3 MAO-N

To evaluate large libraries of 10°-108 variants specialised screening approaches such as colony
based assays are required. For example, monoamine oxidase from Aspergillus niger (MAO-N) has
been extensively engineered for the selective oxidation of a wide range of amine substrates using a
colorimetric colony-based assay.[28] Monoamine oxidases (MAOSs) are a family of flavin-dependent
enzymes that employ molecular oxygen to catalyse the oxidation of amines to their corresponding
imines. The colony-based screen (Figure 5) relies on detection H202 by-product using horse radish
peroxidase (HRP) and a reactive dye, 3,3'-diaminobenzidine (DAB) 33 which is oxidised to a reddish
brown polymerised quinone iminium precipitate 34. Whilst wild-type MAO-N displays limited
substrate scope and is specific for non-chiral primary amines, the substrate scope of MAO-N was

expanded through directed evolution to include both secondary and tertiary amines.[29,30]

A 0Oz NH, B
MAO-N Red
1 R2
31
NH
MAO-N O o K
32

NH,
O H20, H,0
O NH, N A
HRP quinone
H2N HN iminium
NH; NH; precipitate
33 L 34 _

Figure 5: High-throughput colony-based screen for the evaluation of MAO-N variants. A) MAO-
N catalysed conversion of amine 31 to imine 32 generating H20:2 as a by-product, which is detected
using HRP and a reactive dye, DAB 33 which is oxidised to give a coloured precipitate 34. B) The
colony-based screen detects H20:2 by-product using horse radish peroxidase (HRP) and a reactive
dye, 3,3'-diaminobenzidine (DAB) 33 which is oxidised to a reddish brown precipitate 34.[28]

Engineered MAO-N variants have been employed in the preparation of pharmaceutical
intermediates. For example, MAO-N variant (D5) catalyses the oxidative desymmetrisation of the
prochiral bicyclic amine 35 to the corresponding imine 36, which is a key intermediate in the
production of serine protease inhibitor Telaprevir 37, a treatment of hepatitis C (Figure 6A).[31] Imine
36 is subsequently used in a Ugi-type tri-component reaction to give the final product Teleprevir 37.
Compared to the chemical synthesis, the use of MAO-N dramatically improves both the atom and

step economy of this reaction reducing the number of synthetic steps from 24 to 11.

21



2N
MAO-N — _~ chemical — H 9
(D5) * I steps Oﬁ(N\)J\”/N
§ !pHs.o,37°c( N — 0 H N s 8 W
” oty

N °

35 36

Telaprevir

Chemical (\OACOOH

MAO-N '?'H2 steps N
n*o o ST O T
BH3-NH3 cl N

39 R

cl 40

Levocetirizine

Chemical
O NH MAO-N steps
(D11) \n/ @
O BH3-N H3
41

Sollfenacm
98% e.e.

Figure 6: MAO-N catalysed deracemisation to produce key pharmaceutical intermediates.
MAO-N oxidises prochiral and chiral amines 35, 38 and 41 to their corresponding imines which are
key intermediates in the synthesis of pharmaceutical compounds A) Telaprevir[31] 37, B)
Levocetirizine 40[32] and C) Solifenacin 43.[32]

MAO-N variants have also been employed in amine deracemisation reactions, by combining MAO-
N catalysed enantioselective amine oxidation with non-selective chemical reduction of the resulting
imines. For example, this process has been used in the preparative deracemisations of 4-
chlorobenzhydrylamine 38 and phenyl tetrahydroisoquinoline 41, which are key chiral intermediates
in the synthesis of the antihistamine Levocetirizine 40 and muscarinic antagonist Solifenacin 43

respectively (Figure 6B and 6C respectively).[32]

13 Engineering Enzymes with New Function

While top-down engineering of natural enzymes has been hugely successful in providing access to
biocatalysts for several industrial applications,[3,4,33] the approach is limited to chemical
transformations represented in Nature. This section will review new approaches for the creation of
enzymes with non-biological activities, including the discovery of mechanistically promiscuous
enzymes,[11] the development of biocatalysts containing non-canonical catalytic residues, the
generation of catalytic antibodies and the computational design of de novo enzymes from first

principles.[34] An alternative approach to expand the functional capabilities of biocatalysts is to
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harness the inherent reactivity of metal cofactors;[35, 36] however, this is outside of the scope of this

introduction.

1.3.1 Engineering Enzymes with Mechanistic Promiscuity

One approach to developing biocatalysts with non-biological reactivities is to exploit the existing
catalytic machinery of natural enzymes. For example, Cytochrome P450s, which utilise a heme
cofactor to promote several transformations including epoxidations and hydroxylations[37], have
been engineered by Arnold and others to promote non-biological carbene and nitrene transfer
reactions. Carbene, nitrene and oxene transfer reactions used to functionalise C=C and C-H bonds
are commonly promoted by transition-metal catalysts,[38] however these transformations are not
found in Nature’s biosynthetic repertoire.

By exploiting the reactivity of heme cofactors, the Arnold lab were able to promote olefin
cyclopropanation using a P450 biocatalyst. The engineered variant cytochrome P450 BM3-CIS
catalyses the cyclopropanation reaction between styrene 44 and ethyl diazoacetate 45 (Figure
7A)[39] and displays a strong preference for the cis products (cis:itrans 71:29) 46 and 47.
Interestingly, mutation of the active site residue lle63 to alanine switches preference of BM3-CIS to
the trans products (cis:trans 19:81) 48 and 49. Moreover, when a Thr268Ala substitution was made
in cytochrome P450(BM3) wild-type, activity improved more than 60-fold from 5 turnovers to 323
turnovers with remarkable trans selectivity (cis:trans 1:99) 48 and 49, and high enantioselectivity for
the major diasteroisomer 49 (96% e.e.).[39] Cytochrome P450(BM3) Thr268Ala has been further
engineered for improved activity towards N,N-diethyl-2-phenylacrylamide 50 and ethyl 2-
diazoacetate 51 and used in the production of a chiral cis-cyclopropane precursor 52 an intermediate

in the synthesis of the antidepressant Levomilnacipran 53 (Figure 7B).[40]
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44 45 - _ /A
PR COOEt PH “COOEt
48 49
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Figure 7: Cyclopropanation reactions catalysed by Cytochrome P450 catalysts BM3-CIS and
BM3-Hstar. A) BM3-CIS catalyses the conversion of styrene 44 and ethyl diazoacetate 45 to cis
products 46 and 47, whereas mutant BM3-CIS lle63Ala catalyses the conversion to trans products
48 and 49.[39] B) Engineered BM3-Hstar catalyses the conversion of N,N-diethyl-2-
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phenylacrylamide 50 and ethyl 2-diazoacetate 51 to 52, an intermediate in the synthesis of
Levomilnacipran 53.[40]

Nitrene-transfer reactions have also been added to the biocatalytic toolbox. A previously engineered
panel of cytochrome ‘P411’ enzymes, where the axially coordinated cysteine residue is mutated to a
serine, were screened for promiscuous activity towards an aryl sulfonyl azide nitrene precursor 54
(Figure 8A).[41] These designed cytochrome ‘P411’ enzymes, are named due to the shift in the Soret
peak of ferrous CO-bound spectrum from 450 nm for cysteine ligated enzymes to 411 nm for the
serine ligated enzymes. Cytochrome P450 (BM3)-CIS Cys400Ser, displays low-level activity for C-
H amination. This variant yielded product 56 in 73% yield and was able to catalyse more than 140
turnovers. Cytochrome P450 (BM3)-CIS with a cysteine axial ligand catalyses only 9 turnovers,

indicating that serine-heme ligation is essential for C-H amination.
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54 55
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Figure 8: Cytochrome P411 variants have been engineered for nitrene-transfer and C-H
amination. A) Cytochrome P411 (BM3)-CIS catalyses the conversion of aryl sulfonyl azide nitrene
precursor 54 to product 56.[41] B) Cytochrome P411cha catalyses the conversion of alkane 57 to
benzylic amine 58 by inserting a C-H bond into the alkane C) Cytochrome P411cha catalyses the

animation of 1-ethylnaphthalene 59 to 60 a key intermediate in the synthesis of Cinacalcet 61.[42]

Intermolecular benzylic C-H amination has also been achieved biocatalytically using cytochrome
P411cha.[42] The cytochrome P411(BM3) variant P-4 which was engineered towards the imidation
of allylic sulphides, displayed promiscuous activity for benzylic C-H amination. Cytochrome P411gm3
P-4 was engineered for improved activity towards the amination of 4-ethylanisole 57 and the most

improved variant cytochrome P411cha catalyses up to 1,300 turnovers and can produce benzylic
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amine 58 in 86% yield and e.e. >99%. Cytochrome P411cna has a broad substrate scope, tolerating
substitution of the aromatic ring at para, meta and ortho positions. Notably, this enzyme can promote
the amination of l1-ethylnaphthalene 59 to give the nitrogen-containing fragment 60, a key
intermediate in the synthesis of the drug Cinacalcet 61, a treatment for hyperparathyroidism (Figure
8C).[42]

An interesting alternative approach to access new catalytic mechanisms in proteins is through photo-
excitation of redox active co-factors. For example, irradiation of nicotinamide cofactor dependent
ketoreductases (KREDs) with visible light leads to the enantioselective radical dehalogenation of
lactones 62 (Figure 9), a challenging reaction not seen in Nature and usually promoted by small-
molecule catalysts.[43] In this reaction the NAD(P)H cofactor is excited by blue LEDs (460nm) to a
triplet state which serves as the single electron reductant. A substrate radical anion is formed by a
single electron transfer, the C-Br bond undergoes heterolytic cleavage to give an alkyl radical and
NAD(P)H* then serves as the hydrogen atom donor to afford the dehalogenated lactone products
(R)-63 and (S)-63.[43]

A LKADH
o) RasADH o KREDs (4,12,14) o
i NADP* R NADP*
( A Photoexcitation ( Photoexcitation (
460nm n 460nm "
(S)-63 62 (R)-63
B
(o] 0] 0
LKADH-Y190C
Br Q > T 0 0
NADP*, KPi, isoproyl alcohol,
64 Blue LEDs, 12 h 65 66 side product

Figure 9: Radical dehalogenation of lactones using a photoenzymatic approach. A) RasADH
selectively dehalogenates the halolactone 62 when irradiated by light to yield (S)-63, whilst KRED
variants selectively produce (R)-63.[43] B) LKADH-Y190C and variants selectively dehalogenates
the lactone 64 when irradiated by blue light to lactone 65 and side product 66.[43]

Halogenated lactones were chosen as the target substrate, as they can bind in the active sites of
ketoreductases (KREDs) without undergoing carbonyl reduction. A panel of KREDs were screened
for dehalogenase activity towards halolactone 62. Seven KREDs catalysed the formation of the
desired lactone after irradiation with blue LEDs (460nm), and three variants KRED-4, KRED-12 and
KRED-14 provided the (R)-enantiomer 63 with conversions >95%, and e.e.’s of 96% (Figure 9A).[43]

In the absence of KRED, NADP* or light no observable reaction occurred. It has been suggested
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that a charge-transfer complex forms between the halolactone and NADPH only in the presence of

the KRED active site and it is this complex, which is responsible for initial electron transfer.

The active KRED catalysts are all variants of a Lactobacillus kefiri alcohol dehydrogenase (LKADH),
and 10 of the most active variants contain a common mutation at position Tyr190, which allow the
variants to reduce more sterically demanding substrates. Site saturation mutagenesis at Tyr190 in
wild-type LKADH revealed that mutation of this position to cysteine activates the protein for
dehalogenation activity and produces desired lactone 65 from halolactone 64 with a low yield of 3%
(Figure 9B). Two further mutations Glu145Phe and Phel47Leu in the enzyme active site, increased
the enzyme activity and the product 65 was produced in 72% vyield and e.e. of 92%. These three
mutations are hypothesised to increase the volume of the LKADH active site and therefore afford the
desired dehalogenation activity. An enantiocomplimentary short-chain alcohol dehydrogenase from
Ralstonia species (RasADH)[44] with a large active site was rationed to act as a biocatalyst for the
dehalogenation of 64, and afforded lactone (S)-65 with a 51% vyield and 85% e.e. (Figure 9B).
Docking the lactone into the crystal structure of RasADH revealed interactions between the substrate
carbonyl oxygen and the side chains of Tyrl50 and Serl37, in a similar orientation to the natural
ketone substrate. The distance between the C4 of NADPH and the a—position of the lactone was
consistent for hydrogen-atom transfer. Both KRED-12 and RasADH displayed a broad substrate

scope accepting halo-substituted lactones and lactones with additional stereocentres.[43]
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Figure 10: EREDs are able to promote asymmetric radical cyclisation reactions to produce 5-
8 membered lactams through endo-trig and exo-trig ring closure. ERED GIUER can promote
the cyclisation of a-chloroacetamide 67 to afford y-lactam 68 under irradiation with light.[45]

Photoexcitation of Flavin-dependent reductases have also been shown to promote asymmetric
radical cyclisation reactions to generate 5-8 membered lactams through endo-trig and exo-trig ring
closure.[45] Flavin-dependent “ene” reductases (EREDs) were chosen as a suitable protein scaffold
due to their large active sites and substrate promiscuity, and also their ability to control radical
hydrodehalogenation reactions with stereochemical outcomes.[46] A Gluconobacter oxydans ERED
(GIUER) was capable of promoting the cyclization of a-chloroacetamide 67 to afford y-lactam 68
following irradiation with near-ultraviolet (UV) light (390nm) (Figure 10). It is hypothesised that the
reaction proceeds via radical dehalogenation following single electron transfer from the photoexcited
cofactor flavin mononucleotide (FMN), the substrate radical anion can then undergo intramolecular
cyclisation. Optimisation of the light source revealed that cyan light (497nm) provided a higher yield

and enantioselectivity.[45]
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1.3.2 Genetic Code Expansion

Traditional approaches to enzyme engineering have been limited to Nature’s set of 20 canonical
amino acids, which contain a limited range of functional groups and restrict the range of catalytic
mechanisms that can be achieved within enzyme active sites. During the course of this PhD our lab
and others have shown that stop codon suppression technology can be used to genetically encode
chemically-inspired, non-canonical amino acids into proteins, which can promote non-biological
reactions. This approach combines the benefits of small molecule and enzyme catalysis, providing
access to new chemical reactivities and increased catalytic efficiencies within an evolvable protein
scaffold. We have created an enzyme with a non-canonical nucleophile, which operates via an
organocatalytic mechanism. This work is presented in Chapter 5. Other examples, including the
design and evolution of an enzyme for hydrazone and oxime formation, and the development of a

biocatalyst for photocatalytic CO2 reduction are described herein.

Genetic code expansion technologies allow the selective incorporation of non-canonical amino acids
(ncAAs) into proteins.[47, 48] NcAA incorporation typically exploits an engineered aminoacyl tRNA
synthetase and tRNA pair which is orthogonal to the hosts translation machinery. The amino acyl
tRNA synthetase loads the target ncAA onto the orthogonal tRNA, and the ncAA is then incorporated
into the target protein by the ribosome in response to an unassigned codon, typically UAG (Figure
11). Orthogonal translation components must be selective for the target ncAA while excluding
canonical residues. To date, amino acyl tRNAs have been engineered to accept hundreds of
structurally diverse amino acids including spectroscopic probes,[49, 50] bioorthogonal handles,[51,

52] photo-cross-linking amino acids[53, 54] and mimics of post-translational modifications.[55, 56]
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Figure 11: Genetic code expansion. An orthogonal aminoacyl tRNA synthetase loads the ncAA
onto its cognate tRNA. The ncAA is then incorporated into the target protein in response to a UAG

codon.

A genetically encoded p-azidophenylalanine (pAzF) 69 was recently introduced into the
transcriptional regulator protein LmrR (Figure 12A).[57] The residue pAzF 69 was chemically reduced
with tris(2-carboxyethyl)phosphine (TCEP) post translationally to generate a reactive aniline side
chain (p-aminophenylalanine, pAF) 70, capable of promoting hydrazone and oxime formation.
Rounds of directed evolution enhanced the modest activity of LmrR_pAF for hydrazone formation
between 4-hydrazino-7-nitro-2,1,3-benzoxadiazole 71 and 4-hydroxybenzaldehyde 72 (Figure 12B).
The final variant LmrR_pAF_RMHL contained four mutations (A92R N19M F93H A1lL) and
displayed a 55-fold improvement in kecat compared to the starting template LmrR_pAF and a 26,000-

fold increase in kecat/Km over free aniline in solution.[58]
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Figure 12: A genetically encoded pAzF into a transcriptional regulator protein promotes
hydrazine formation. A) Post-translational chemical reduction of pAzF 69 with tris(2-
carboxyethyl)phosphine affords the catalytic nucleophile pAF. 70 B) Evolved variant
LmrR_pAF_RMHL catalyses hydrazine formation between  4-hydrazino-7-nitro-2,1,3-
benzoxadiazole 71 and 4-hydroxybenzaldehyde 72 to yield the product 73.[57]

Photoresponsive elements have also been incorporated into proteins to generate enzymes for
photocatalytic CO2 reduction (Figure 13).[59] A double mutant (Tyr203Phe, His148Glu) of the
superfolder yellow fluorescent protein (sfYFP) was modified by replacing Tyr66 with benzophenone-
alanine (BpA) 76. Autocatalytic conversion of the Gly65-BpA66-Gly67 tripeptide yielded a
photosensitiser protein (PSP2) with an engineered chromophore 77. Following photochemical
reduction with a suitable sacrificial reductant, super-reducing radicals (PSP2-) are formed which are
able to drive CO2 reduction via a nickel-terpyridine complex covalently attached to PSP2 through a
Cys95 residue. This study provided a miniature CO:2 reducing enzyme with a CO2/CO conversion

quantum efficiency of 2.6%.[59]
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Figure 13: Design of a miniature enzyme for photocatalytic CO; reduction. Replacement of a
Tyr66 with BpA 76 in a double mutant of sfYFP results in an engineered chromophore 77 in PSP2.

When photochemical reduction is performed with a suitable sacrificial reductant the formation of
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super-reducing radicals (PSP2-) can drive CO2 reduction via a nickel-terpyridine complex covalently
attached to PSP2 through a Cys95 residue.[59]

1.4 Approaches to Enzyme Design

Although many natural enzymes have been modified through protein engineering strategies to yield
biocatalysts for a variety of transformations, these approaches are often insufficient. To design
enzymes de novo —or, ‘from scratch’ has become a desirable objective in protein engineering to
deliver novel biocatalysts. This section will highlight various approaches to enzyme design with key

examples.

1.4.1 Catalytic antibodies

Linus Pauling proposed that enzymes can achieve such high catalytic efficiencies by selectively
binding to and stabilising the transition state of a reaction to reduce the energy barrier of a particular
chemical pathway.[60] Twenty years later, Jencks discovered that the mammalian immune system
could raise an antibody against a transition state analogue (TSA) or ‘hapten’ to produce a catalytic

antibody for a given reaction (Figure 14).[61]
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Figure 14: The generation of catalytic antibodies. Catalytic antibodies are raised against a TSA

of the desired reaction linked to a carrier protein in the murine immune system. Antibodies are
matured and then screened towards the desired reaction. Successful antibodies are then produced

and characterised.
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The first catalytic antibodies were reported in 1986 and catalysed ester hydrolysis.[62] To date, over
100 different chemical reactions have been promoted by catalytic antibodies, including aldol
condensations,[63] pericyclic processes,[64] oxidation[65] and reductions.[66] Catalytic antibodies
are often highly specific, with high regio- and stereoselectivity, however, their catalytic efficiency often
falls far short of natural enzymes. This has been attributed to the antibody being raised against an
imperfect model of the transition state analogue with no selection pressure on catalytic activity, only
on affinity for the transition-state analogue.[67] Efforts to evolve catalytic antibodies have had little

success and it has proved challenging to tailor antibodies to a specific reaction.
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Figure 15: Reactions with catalytic antibodies. A) The Kemp Elimination reaction of 5-
nitrobenzisoxazole 78 to the corresponding 5-nitro-salicylonitril 79. B) The cationic benzimidazolium
hapten 80 used to raise antibody 34E4 for the Kemp Elimination reaction.[68] C) The Diels-Alder
reaction of tetrachlorothiophene dioxide 81 and N-ethylmaleimide 82. D) The hapten 84 used to raise
antibody 1E9 for the Diels-Alder reaction.[69] E) The retro-aldol reaction of N-(4-(3-
oxopropyl)phenyl)acetamide 85. F) The hapten 87 used to elicit antibody 38C2 for the retro-aldol

reaction.[70]

Active catalytic antibodies have been developed for non-biological reactions including the Kemp
elimination (Described in detail in Chapter 1.4.2.1), which exploits charge complementarity between
the antigen and antibody. The antibody 34E4 was raised against a cationic benzimidazolium hapten

80 (Figure 15B), which mimics the transition-state geometry of all reacting bonds but has little
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resemblance to the reaction product.[68] An X-ray crystal structure of 34E4 complexed with the
hapten shows the negatively charged catalytic base H50E is positioned by a sophisticated hydrogen
bonding network with a neighbouring asparagine and an ordered water molecule, and the substrate
binds in a hydrophobic pocket positioned between two aromatic residues. This catalytic antibody
promotes the cleavage of 5-nitrobenzisoxazole 78 with a kcat/Km 5500 M s1. Although an impressive
catalytic efficiency, it is many orders of magnitude less efficient than natural enzymes promoting
proton transfer reactions, such as triose phosphate isomerase.

The first successful catalytic antibody able to promote the Diels-Alder reaction (Described in detail in
Chapter 1.4.2.2) was described in 1989,[69] and was raised using the endo hexachloronorbornene
hapten 84 (Figure 15D), a stable analogue of the bicyclic intermediate which mimicked the boat-like
conformation of the transition-state. As the planar product is so different to the hapten it binds far
less efficiently and therefore reduces product inhibition significantly. The most active antibody (1E9)
promotes the [4+2] cycloaddition between tetrachlorothiophene dioxide 81 (TCTD) and N-
ethylmaleimide 82 (NEM) with >50 turnovers. Spontaneous sulphur dioxide elimination leads to the
formation of intermediate N-ethyl tetrachlorophthalimide , which is subsequently oxidised to the final
product 83. Structural studies reveal an arrangement of Van der Waals contacts, tr-stacking
interactions and a hydrogen bond to one of the succinimide carbonyl groups, creating a
complementary pocket for the hapten 84. The ligand is 86% buried in a snug pocket with no interfacial
cavities detected, and 1E9 is able to promote the reaction by pre-organising its substrates in a
complex that closely approximates the transition-state geometry.

A final notable mention is the catalytic antibody 38C2 for the retro-aldol reaction (Described in detalil
in Chapter 1.4.2.3), which was elicited using a mechanism-based enzyme inhibitor 87 (Figure
15F).[63] 38C2 uses an enamine mechanism, similar to natural aldolases. The €-amino group of the
reactive lysine residue in the binding pocket of 38C2 reacts with the ketone substrate to form a
Schiff's base.[70] Hydrolytic release of the aldol product is initiated by nucleophilic attack of the
enamine on the aldehyde substrate. This antibody has a broad substrate scope and accepts a wide
variety of ketones.[71]

1.4.2 Computational enzyme design

The combination of computational design and directed evolution could offer a general strategy for
the creation of biocatalysts with new functions. Computational enzyme design is conceptually similar
to catalytic antibody technology, however, instead of using an imperfect transition-state analogue to
raise a complementary antibody, active sites are designed in silico to stabilise a theorised rate-

limiting transition state (Figure 16).[72,73]

The first step in the computational design process involves the creation of a theorised model of the
rate-limiting transition state, called a theozyme. The theozyme is comprised of a quantum
mechanically calculated structure of the transition state plus associated amino acid side-chains
designed to stabilise the high-energy species. Programs such as Rosetta Match[74] and ORBIT[75]
are used to dock the theozyme into proteins in the Protein Data Bank (PDB). Suitable scaffolds must

be a sterically complementary to the theozyme with a protein backbone, which can accommodate
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the amino acid functional groups. Next the active site residues are redesigned to effectively pack the
theozyme using the Rosetta Design algorithm. Designs are ranked according to their calculated

energies and catalytic geometries and selected designs are tested experimentally.
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Figure 16: The generation of de novo enzymes. Algorithms such as RosettaMatch[74] are used
to dock the theozyme into proteins in the PDB. Active site residues are then redesigned for optimal
packing using algorithms such as Rosetta Design. The designs are then ranked and tested
experimentally.

Although the activity of these novel designs are well below that of natural enzymes, they can be
enhanced with directed evolution. This strategy has been used over the past 20 years to deliver novel
enzymes for a set of well characterised transformations such as Kemp elimination[76], Diels-
Alder[77] and Retro-aldol[78] reactions.

1.4.2.1 Kemp eliminase

The computational design of enzymes that can promote transformations not represented in Nature

is a significant challenge. The Kemp elimination is a mechanistically simple acid/base catalysed
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proton transfer reaction, which proceeds via a single transition state,[79] and several groups have
attempted to design enzymes for this model transformation. The reaction of benzisoxazoles 78 to
saliclonitriles 79 has served as a target reaction for these design attempts as the product of the
reaction 79 is coloured, providing a convenient way of monitoring Kemp elimination reactions in high

throughput. (Figure 17A).

Baker and co-workers designed de novo enzymes using two different theozymes with differing
catalytic bases.[76] One theozyme used a carboxylate group for deprotonation mimicking antibody
34E4, whilst the other theozyme used a histidine side chain backed up by an Asp/Glu residue for
stabilisation of the correct histidine tautomeric form. A hydrogen bond donor was included in both
design models (Ser, Thr, Tyr, Lys, H20) to stabilise the growing negative charge on the phenolic
oxygen, and Tr-stacking interactions (Phe, Tyr, Trp) were integrated for transition state stabilisation
(Figure 17B).
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Figure 17: The Kemp elimination. A) A reaction scheme depicting the conversion of 5-
nitrobenzisoxazole 78 to 5-nitro-salicylonitril 79. B) The Kemp Eliminase active site design used in

the computational design process.[76]

59 of the most promising computational designs were evaluated experimentally and the most active
designs displayed kcat/Km values ranging from 6 M st to 160 M s1. The two most active designs
KE59 and KE70 were based on the same TIM barrel scaffold and employ a glutamic acid and a
histidine-aspartate dyad, respectively, as the catalytic base.[76] When the catalytic bases were
mutated the activity was abolished, confirming the reactions proceeded via the designed
mechanisms. Out of the 59 designs evaluated only 8 showed activity towards the desired Kemp
Elimination reaction and the most active variant was more than an order of magnitude less efficient
than catalytic antibodies. However, this approach is compatible with further optimisation using
directed evolution. The KE59 design was subsequently engineered for improved activity over 13
rounds evolution by employing error-prone mutagenesis. The most improved variant R13-3/11H
demonstrated a 400-fold improvement in catalytic efficiency, with a kcat/Km of 60,000 M- s-1.[80] This
improvement was attributed to reshaping of the substrate binding pockets, optimisation of the
catalytic base placement, and increasing the base efficiency by minimising undesirable interactions
with water molecules.
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Figure 18: Catalytic activity of AlleyCat2. AlleyCat2 catalyses the conversion of

immunosuppressor pro-drug leflunomide 88 to its active form teriflunomide 89.

An alternative strategy to design an enzyme for the Kemp elimination reaction was taken by DeGrado
and co-workers who used a scanning approach to place Glu or Asp residues at various positions in
the active site of the calcium binding protein Calmodulin.[81] A ‘superrotamer’ library, in which the
Glu/Asp carboxylate was attached to the substrate in the transition state geometry, was docked into
the active site of the Glu/Asp mutants. The most promising design named AlleyCat (Phe92GIu), had
very modest activity and a kca/Km 0of only 6 M1 s-1, however the design comprised of only a single
mutation in a scaffold which had no prior activity for the Kemp elimination reaction. This catalytic
efficiency has been improved 40-fold through directed evolution to give catalyst AlleyCat2 which
facilitates the conversion of immunosuppressor pro-drug leflunomide 88 to its active form
teriflunomide 89 (Figure 18).[82]

The Mayo group also designed a functional Kemp Eliminase but used a thermostable xylase as their
protein scaffold.[83] Evaluation of the initial design HG-1, revealed that the catalyst was inactive.
Molecular dynamics (MD) and X-ray crystallography studies revealed two potential causes, firstly the
active site was too solvent exposed and secondly the designed catalytic machinery had too much
rotational freedom and was found in unproductive orientations. A subsequent round of computational
design, yielded the active catalyst HG-2, which promoted the Kemp elimination reaction of 78 (Figure
17A) with a keat/Km of 122 M- s'1, The active site of HG-2 is less solvent exposed and buried deeper
in the protein structure than HG-1 (Figure 19A). It uses a pre-existing aspartate as a catalytic base
and a threonine side chain designed to stabilise the growing negative charge on the transition state.
A point mutation at S265T, which was predicted by MD to provide better packing around the
substrate, improved the kca/Km 3-fold (to 430 M1 s1) and yielded HG-3.[83]
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active computationally designed HG-2 in green ribbons, key active site residues are shown in yellow
sticks, the two conformations of the TSA analogue are shown in magenta sticks and hydrogen
bonding contacts are shown as dashed lines. PDB code: 3NYD. [83] B) HG-3 was subjected to
rounds of directed evolution to yield the efficient catalyst HG3-17. The active site of HG3-17 is shown
in cyan ribbons, key active site residues are shown in green sticks, the one conformation of the TSA
analogue is shown in magenta sticks and hydrogen bonding contacts are shown as dashed lines.
PDB code: 4BS0.[84]

HG-3 was further optimised by the Hilvert group who engineered the catalyst over 17 rounds of
evolution to yield HG3.17 (Figure 19B),[84] which demonstrated a 480-fold improvement in catalytic
efficiency compared to HG-3. Furthermore, the turnover number for this biocatalyst increased to 700
st which is three orders of magnitude higher than the best catalytic antibody. The improved efficiency
of the HG3.17 biocatalysts was largely attributed to the introduction of a GIn50 residue which can
hydrogen bond to the developing phenoxide ion in the transition state. Mutating the GIn50 residue
to Ala resulted in a 50-fold drop in activity, highlighting its importance in the Kemp elimination
reaction. The combination of computational design and directed evolution has provided biocatalysts
for the Kemp elimination reaction derived from a variety of enzyme engineering strategies with near

enzyme-like activity.

1.4.2.2 Diels-Alderase

The Diels-Alder reaction is a [4+2]-cycloaddition between a conjugated diene and a substituted
alkene to form functionalised cyclohexenes (Figure 20). In one step, two carbon-carbon bonds are
formed creating up to four stereocentres. There are very few biosynthetic examples of the Diels-
Alder reaction, and examples are limited to intramolecular reactions.[85-88] An enzyme for the Diels-
Alder reaction between N,N-dimethylacrylamide 90 and 4-carboxybenzyl trans-1,3-butadiene-1-
carbamate 91 (Figure 20) was created using a combination of computational design and directed

evolution.[89]

The theozyme consisted of the theorised transition state for the reaction giving the 3R,4S endo

product, a hydrogen bond donor to stabilise the diene carbamate and a hydrogen bond acceptor for
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the dienophile.[77] Using RosettaMatch, the theozyme was docked into a set of 207 protein scaffolds,
designs were optimised using Rosetta Design, and ranked according to their transition state binding
energies, catalytic geometry, and shape complementarity. In total, 84 designs were expressed for
experimental evaluation, and a total of 50 designs were found to express soluble protein. Enzymes
were screened for activity using liquid chromatography-tandem mass spectrometry, and two designs
were active. The most active design DA_20_00 (Figure 21A) was created from the six-bladed
propeller protein scaffold diisopropylfluorophosphatase from Loligo vulgaris with 13 mutations built
into the active site. A glutamine (GIn195) serves as the hydrogen bond donor to stabilise the diene
carbamate, a tyrosine serves as a hydrogen bond acceptor for the dienophile, and the active site
pocket is lined with hydrophobic residues which form a tight-complementary surface. However, this
design was around 500-fold less active than the best antibody for this same reaction with a
Kcat/(Kdiene* Kdienophile) 0f 0.06 M1 M1 s71,[77]
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Figure 20: The Diels-Alder reaction. The reaction between N,N-dimethylacrylamide 90 and 4-
carboxybenzyl trans-1,3-butadiene-1-carbamate 91 to form 92.[77,89]

The activity of DA_20_00 for the transformation of 90 and 91 to 92 (Figure 20) was improved using
directed evolution.[77] Active site residues expected to lie in close proximity to the transition state
were targeted for randomisation. The most improved variant DA _20_10 contained 6 mutations,
which increased the catalytic efficiency by 100-fold. Three mutations Ala74lso, Ala21Thr and
Alal73Cys, are believed to improve packing around the transition state and the catalytic residue
GIn195, whilst GIn149Arg and Ser71Ala mutations are believed to improve the electrostatic
complementarity with the bound substrates. Mutation of the catalytic GIn195 to a glutamate abolished
activity, and mutation of the catalytic Tyr121 to phenylalanine reduced activity 27-fold, which confirms
the theorised mechanism for the designed enzyme. DA 20 10 is enantioselective as well as
diastereoselective, in accordance with the original design, and provides the 3R,4S endo product 92
in >97% yield.[77]
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Figure 21: Design and evolution of an efficient Diels-Alderase. A) X-ray crystal structure showing
the active site of the modestly active computationally designed DA_20_00 in green ribbons, key
active site residues are shown in yellow sticks. PDB code: 3I1C.[77] B) X-ray crystal structure
showing the active site of the efficient Diels-Alderase catalyst CE20. The active site of CE20 is shown
in cyan ribbons, key active site residues are shown in green sticks, the Diels-Alder product analogue
is shown in magenta sticks and hydrogen bonding contacts shown as dashed lines. PDB code:
405T.[89]

DA_20_10 was further improved over an additional eight rounds of directed evolution.[89] Error-
prone PCR was used to create DNA libraries containing one to five mutations per gene and variants
were evaluated using a direct MS-MS assay. A further seven mutations were installed into DA_20_10
to yield DA_20_20, which has a 5.5-fold improvement in catalytic efficiency over the starting variant.
Structural analysis of DA_20_10 showed that the active site is large, open and solvent exposed. In
an attempt to improve substrate binding, the computational design program Foldit was used to install
an active site lid comprising of a 24-residue helix-turn-helix motif.[90] Indeed, the new design CE6
displayed a lower Km value when compared to DA_20 20. CE6 was subjected to a further eight
rounds of directed evolution to yield CE20 (Figure 21B). CE20 contains a total of 24-mutations and
is 9,700-fold more active than the original DA-20_00 design.

1.4.2.3 Retro-aldolase

Aldol condensations are carbon-carbon (C-C) bond forming reactions between an enol or enolate
and a carbonyl compound. In Nature, Type | aldolases catalyse the reversible aldol reaction using a
catalytic lysine which forms Schiff base intermediates with the carbonyl substrates. The reaction has
multiple intermediates and transition states, which makes the computational design of aldolases
challenging. Nonetheless, an efficient de novo retro-aldolase that promotes the cleavage of 4-
hydroxy-4-(6-methoxy-2-naphthyl)-2-butanone (methodol) 93 (Figure 22) has been successfully

created using a combination of computational design and directed evolution.[78,91-93]
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Figure 22: The retro-aldol reaction. The mechanism of the retro-aldol reaction displaying the C-C

bond breaking of methodol 93 into 6-Methoxy-2-naphthaldehyde 94 and acetone 95.

Methodol 93 was selected as the target substrate as the product of the reaction 6-Methoxy-2-
naphthaldehyde 94 is a fluorescent naphthaldehyde derivative, meaning designs can be quickly
evaluated using spectrophotometric methods. Retro-aldolases were designed to mimic natural type-
| aldolases and exploit a catalytic lysine. Nucleophilic attack by lysine on the substrate ketone creates
a carbinolamine intermediate, which is dehydrated to form the iminium species. Deprotonation of the
B-alcohol triggers carbon-carbon bond cleavage and the enamine tautomerises to an imine. The

imine is then hydrolysed to release the enzyme from the covalently bound product (Figure 22).

As the reaction proceeds through multiple intermediates, multiple transition states and reaction
intermediates were initially used to generate a composite transition state. The original theozyme
design included four different catalytic motifs to facilitate the formation of carbinolamine, elimination
of water, C-C bond cleavage and subsequent product release 94. In total, 70 designs were
expressed, purified and evaluated for activity towards methodol 93 cleavage. 31 designs showed
detectable retro-aldolase activity, with several designs showing rate enhancements of up to four
orders of magnitude over the non-catalysed reaction.[78] However, the most active design RA61 had
a catalytic efficiency (kca/Kwm) of 0.74 M1 s~1which is well below that of natural enzymes.

The computational design process was repeated using a larger number of sidechain rotamers and
designs were repacked in the presence and absence of the transition state analogue to favour
designs with a pre-organised active site.[91] Out of 42 designs which were characterised

experimentally, 33 showed low activity towards the cleavage of 93.

One of the best designs however, RA95, was based on an indole-3-glycerol phosphate synthase
(Ba)s barrel scaffold with 11 mutations introduced by Rosetta Design, and promotes the cleavage of
93 with a 15,000-fold rate improvement over the background reaction. The intended design features
included a catalytic lysine at position 210 to promote C-C bond cleavage via Schiff base formation

and an ordered water molecule coordinated by a glutamate at position 53. However, the X-ray crystal
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structure of RA95 covalently bound to a mechanistic inhibitor 96 (Figure 23A) revealed that although
the Lys210 side chain adopts the intended conformation, with the e-amino group sitting in a relatively
hydrophobic environment (Figure 23B), the Glu53 residue designed to coordinate a water for proton
transfer was not in a productive conformation. Mutation of the Glu53 residue to alanine did not affect
the catalytic activity confirming this hypothesis.[91]

RA95 has been extensively engineered to deliver catalysts with efficiencies approaching those of
natural enzymes.[92,93] Initial rounds of evolution exploited a 96-well plate based assay with
fluorescence detection and led to the identification of RA95.5-8, which contains 15 mutations and
has a >4,400-fold improvement in catalytic efficiency compared to RA95.[92] RA95.5-8 was further
evolved using an ultrahigh throughput droplet-based microfluidic screen[93] and a positively charged
aldol substrate in replacement of methodol 93 to avoid diffusion of the fluorescent product between
droplets in screening.
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Figure 23: The Evolution of the retro-aldolase RA95. A) The mechanism of action for the 1,3-
diketone mechanistic inhibitor 96 B) X-ray crystal structure showing the active site of RA95 in green
ribbons covalently bound to mechanistic inhibitor 96 shown in magenta, with key residues in yellow
sticks. PDB code: 4A29.[91] C) X-ray crystal structure showing the active site of RA95.5-8F in cyan
ribbons covalently bound to mechanistic inhibitor 96 shown in magenta, with key residues in green
sticks. PDB code: 5AN7.[93]

The most improved variant RA95.5-8F identified following 6 rounds of microfluidics screening

contained an additional 13 mutations and has a kca/Km of 34,000 M s for the cleavage of (R)-

methodol which is a 200,000-fold improvement compared to RA95.[93] The crystal structure of

RA95.5-8F covalently bound to the 1,3-diketone mechanistic inhibitor 96 shows that the naphthyl

ring binds in the original designed pocket which was conserved over the evolution trajectory.

However, during evolution, the intended catalytic lysine (Lys210) has been replaced by Lys83. This
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multi-step mechanism is further supported by a hydrogen bonding network consisting of residues
Tyr51, Asn110 and Tyrl80; which bind both the hydroxyl of the carbinolamine intermediate, and
position an ordered water molecule promoting proton transfer. Interestingly, the activity of RA95.5-
8F now surpasses that of previously designed catalytic antibodies (38C2) and is comparable to

natural aldolases such as human fructose-1,6-diphosphate (FDP).[94, 95]

15 Morita-Baylis-Hillman reaction

The Morita-Baylis-Hillman (MBH) reaction involves the C-C bond formation between the a-position
of an a,B-unsaturated carbonyl e.g. 99 with a carbon electrophile e.g. 100 containing an electron
deficient sp? carbon atom, for example an aldehyde (Figure 24).[96,97] Michael addition of the
nucleophile to the B-carbon of an activated alkene forms a stabilised anion, this intermediate then
attacks a carbon electrophile in an aldol addition to yield a second intermediate, and subsequent
proton transfer eliminates the catalyst to yield the product. Kinetic and theoretical studies suggest
the rate determining step (RDS) is proton transfer and elimination of the catalyst.[98,99] The reaction
is an atom efficient, multi-step transformation which leads to the generation of synthetically useful
and densely functionalised products e.g., 102. The MBH reaction is commonly catalysed by small
molecule catalysts, for example, tertiary amines such as 1,4-diazabicyclo[2.2.2]octane (DABCO), 4-
dimethylaminopyridine (DMAP), imidazole 101 and tertiary phosphines.
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Figure 24: The model MBH reaction between 2-cyclohexenone 99 and 4-nitrobenzaldehyde
100. The mechanism of the model MBH reaction between 2-cyclohexen-1-one 99 and 4-

nitrobenzaldehyde 100 to generate the MBH product 102, with imidazole 101 as the nucleophile.

Co-catalysts such as thioureas have also been employed to accelerate the MBH reaction and can
act as Brgnsted acids stabilising the basic oxygen centre formed along the reaction coordinate, thus
decreasing the energy of the RDS.[100] Enantioselective versions of the MBH reaction have also
been developed by employing chiral catalysts such as quinidine derivatives, chiral DMAP surrogates
or pairing catalytic nucleophiles (Lewis acids) with chiral hydrogen bond donors (Brgnsted acids)
such as thioureas.[101-104] The Lewis base initiates the reaction by Michael addition, and the
Brgnsted acid stabilises the intermediates of the reaction and promotes aldol addition and proton
elimination. The first bifunctional catalyst reported for the MBH reaction was a hydroxylated chiral
amine which catalysed the reaction between 4-nitrobenzaldehyde 100 and 1,1,1,3,3,3-

hexafluoropropan-2-yl acrylate 103 to yield the (R)-enantiomer 104 in 91% e.e. (Figure 24).[105]
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However, controlling the stereochemistry in MBH reactions still remains a considerable challenge.
The synthetic utility of this reaction is further compromised by the low catalytic efficiency of existing
systems which mean that prolonged reaction times and high catalyst loadings are required to achieve

reasonable conversions.
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Figure 25: The MBH reaction. The MBH reaction between 4-nitrobenzaldehyde 100 and
1,1,1,3,3,3-hexafluoropropan-2-yl acrylate 103.[105]

1.5.1 De novo design attempt of a MBHase

Biocatalysis could offer a solution to address the long-standing challenges associated with the MBH
reaction. However, there are no known natural enzymes or catalytic antibodies for this
transformation. Only extremely low levels of promiscuous MBH activity have been reported for a
handful of wild-type proteins, with non-specific protein catalysis implicated in a number of
cases.[106,107] Given the absence of wild-type enzymes for this valuable transformation, the Baker
group attempted to create a de novo enzyme for the MBH reaction between 2-cyclohexen-1-one 99
and 4-nitrobenzaldehyde 100.[108] This bimolecular reaction is a demanding transformation with
multiple high energy transition states and represents the most complex de novo design to date . The
theozyme design used a composite transition state for the reaction generated by MD simulations and
Quantum Mechanic (QM) modelling and included a histidine or cysteine nucleophile and two

hydrogen bond donors to stabilise oxyanion intermediates Int 1 and Int 2 (Figure 26).
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Figure 26: The model MBH reaction between 2-cyclohexenone 99 and 4-nitrobenzaldehyde
100. A scheme of the model MBH reaction between 2-cyclohexen-1-one 99 and 4-nitrobenzaldehyde
100 to generate the MBH product 102, showing the two proposed intermediates formed along the

reaction pathway, Intl and Int2.
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48 computational designs were selected for experimental evaluation and enzymes were screened
as cell free lysates using a high-pressure liquid chromatography (HPLC) analysis. Two designs,
BH25 and BH32, showed activity towards the MBH reaction. The BH25 design utilised a nucleophilic
cysteine (Cys39) supported by a lysine residue (Lys285) built into an alanine racemase from
Geobacillus stearothermophilus). The BH32 design utlised a nucleophilic histidine (His23)
positioned by hydrogen-bonding to glutamic acid (Glu46) built into a haloacid dehalogenase from
Pyrococcus horikoshii. Despite intensive design efforts, the most active design BH32 had very
modest activity and promoted the coupling of 2-cyclohexen-1-one 99 with 4-nitrobenzaldehyde 100
with a turnover of <1 day! and was described by the authors as an ‘enone-binding protein’. The
activity of BH32 was dependent on the His23 nucleophile and mutation of His23 to alanine
significantly reduced catalytic activity. However, comparison of the X-ray crystal structure of BH32 to
the design model showed that other intended features including the Glu46-His23 hydrogen bond,
and residues required for oxyanion stabilisation were not accurately positioned leading to
unproductive interactions.[108] Although the BH32 design had very low-level activity, it represents
the most complex enzyme design to date and provides a starting point for further optimisation using
directed evolution.
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Chapter 2: Aims

The primary aim of this thesis is to develop an efficient and enantioselective de novo enzyme of the
Morita-Baylis-Hillman reaction, a valuable C-C bond forming reaction not observed in Nature, by
subjecting the primitive computational design BH32 to iterative rounds of laboratory evolution. A
second objective is to prepare and characterise variants of BH32 with the catalytic His23 residue
replaced by a non-canonical Ns-methylhistidine, to investigate whether the introduction of
‘organocatalytic groups’ into de novo active sites can open up new channels of reactivity and

generate biocatalysts with augmented properties.
The specific aims of this project are as follows:

1. Characterise the primitive computational design BH32 and assess its catalytic activity for the
MBH reaction.

2. Develop robust high-throughput (HTP) assays that report on MBH activity to underpin
directed evolution efforts.
Subjected BH32 to iterative rounds of laboratory evolution to optimise catalytic activity.
Perform structural, kinetic and biochemical characterization of optimised variants to gain
insights into the catalytic mechanism and the origins of improved function.
Investigate the synthetic scope of evolved BH32 variants.
Prepare and characterise variants of BH32 with the His23 nucleophile replaced with a non-
canonical Me-His residue.
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3.1 Foreword
This chapter consists of a research article submitted to Nature on 15" December 2020 and describes
the design and evolution of an enantioselective biocatalyst for the Morita-Baylis-Hillman reaction.

3.2 Author contributions

The research presented in this chapter was a collaborative effort between the doctoral candidate and
the following researchers: Amy E. Crossley, Linus Johannissen, Ashleigh J. Burke, Sam Hay, Colin
Levy, David Baker, Sarah L. Lovelock and Anthony P. Green. The doctoral candidate carried out
molecular biology, assay development, protein production and purification, directed evolution,
crystallization and kinetic characterization. The doctoral candidate, Ashleigh J. Burke and Amy E.
Crossley developed spectrophotometric assays and carried out organic synthesis and enzyme-
inhibition experiments. Linus Johannissen and Sam Hay carried out molecular docking and DFT
calculations. Sarah L. Lovelock and Sam Hay interpreted and analysed kinetic data. Colin Levy
interpreted, analysed and presented structural data. David Baker provided the BH32 design model.
All authors discussed the results and participated in writing the manuscript.
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3.3 Manuscript

The combination of computational design and directed evolution could offer a general strategy to
create enzymes with new functions. To date, this approach has delivered de novo enzymes for a
handful of model reactions, selected based on previous achievements with catalytic antibodies. Here
we show that design offers a viable route to biocatalysts for more challenging chemical
transformations. Evolutionary optimisation of a primitive design afforded a highly efficient and
enantioselective enzyme for a bimolecular Morita-Baylis-Hillman reaction. A sophisticated catalytic
mechanism has emerged comprising a His23 nucleophile paired with a judiciously positioned
Arg124, which shuttles between conformational states to stabilise multiple oxyanion intermediates
and serves as a genetically encoded surrogate of privileged bidentate hydrogen bonding catalysts.
Our study demonstrates that elaborate catalytic devices can be built from scratch, where multiple

functional components operate in tandem to accelerate demanding multi-step processes.

The ability to reliably design enzymes would have significant impacts across the chemical industry,
allowing the rapid delivery of de novo biocatalysts in response to diverse societal challenges.
Computational enzyme design is conceptually similar to catalytic antibody technology; in that it aims
to generate protein catalysts based on fundamental principles of transition state stabilisation.[1]
However, in principle computational design offers a far more flexible approach, as it is not limited to
the antibody fold or reliant on the availability of an imperfect transition state mimic. Thus far,
computational algorithms have enabled the design of primitive catalysts for a handful of
transformations that have been optimised through laboratory evolution to deliver enzymes with
efficiencies approaching natural systems.[2-7] Naturally, early efforts targeted simple model
transformations selected based on previous achievements in the catalytic antibody field.[8-10] If we
are to establish ‘bottom up’ enzyme design as a reliable source of biocatalysts for practical
applications, we must move beyond the functional capabilities of antibodies and develop enzymes

for demanding multi-step chemical processes.

The Morita-Baylis-Hillman (MBH) reaction (Fig. 1A), involving the coupling of a,B-unsaturated
carbonyl compounds (e.g. 1) with electrophilic aldehydes (e.g. 2), is an iconic transformation in
organic synthesis.[11] These reactions are typically promoted by small catalytic nucleophiles such
as 4-dimethylaminopyridine (DMAP), 1,4-diazabicyclo[2.2.2]octane (DABCO) and imidazole.
Enantioselective versions of the MBH reaction have been developed by employing chiral DMAP
surrogates or by pairing catalytic nucleophiles with chiral hydrogen bond donors such as
thioureas;[12] however achieving high levels of stereo-control remains a considerable challenge.
Despite the great synthetic potential, the practical utility of MBH reactions is further compromised by
the low efficiencies achieved by existing catalytic systems, which results in prolonged reaction times
and the requirement for high catalyst loadings. Given the enormous rate accelerations achieved by
enzymes, biological catalysts could offer a plausible solution to these long-standing challenges.
However, there are no catalytic antibodies or known natural enzymes for the MBH reaction. Only
extremely low levels of promiscuous activity have been reported with a handful of proteins,[13,14]

with unspecific protein catalysis implicated in a number of these cases. In the absence of a suitable
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natural enzyme, we elected to push the boundaries of de novo enzyme design and engineering to

tackle the challenge of efficient MBH catalysis.

A primitive computational design (BH32) was selected as a starting template for evolutionary
optimisation.[15] BH32 utilises a histidine nucleophile (His23) built into the cap domain of haloacid
dehalogenase from Pyrococcus horikoshii by introducing 12 active site mutations predicted by the
Rosetta software suite. Other intended design features (Fig. 1A) include: Glu46 to position and
activate the His23 catalytic nucleophile through hydrogen bonding; an aromatic aldehyde binding
pocket shaped by Phel32 and Leul0; GIn128 to serve as an oxyanion-hole to stabilise the first
covalent enzyme-substrate intermediate formed upon reaction with 2-cyclohexen-1-one (Int 1); and
an ordered water molecule bound through Ser22 designed to stabilise Int 2, formed following C-C
bond formation, through hydrogen bonding. BH32 promotes the coupling of 2-cyclohexen-1-one 1
with 4-nitrobenzaldehyde 2 with extremely low efficiency (Kcat/Kenone.Kaidehyde = 2.21 + 0.18 M-2s1).
This activity is dependent on the His23 nucleophile, however comparison of the design model with
the structurally characterised protein reveals discrepancies, which compromise the intended design
features and likely contribute towards low efficiency.

A high-throughput spectrophotometric assay was developed to allow rapid evaluation of large
libraries of BH32 derivatives during evolution. This was achieved by modifying the MBH product 3
through acetylation of the C3 secondary alcohol to generate a dual function mechanistic inhibitor and
spectroscopic probe 4 (Fig. 1B). Upon reaction with the His23 nucleophile, it was expected that E1cB
elimination of the acetoxy group would generate a stable, conjugated product suitable for
spectrophotometric detection. Indeed, incubation of BH32 with 4 resulted in the anticipated time
resolved spectral changes. The spectroscopic changes were made more pronounced to improve
assay sensitivity, by introducing a 4-OMe substituent to increase the degree of conjugation upon
inhibition. The formation of a stable 1:1 protein-inhibitor complex was confirmed by MS analysis of
the intact protein (Extended Data Table 1). No spectral or mass changes were observed with the
BH32 H23A variant, confirming the His23 catalytic nucleophile as the site of covalent attachment.
Although this assay doesn’t report on overall catalytic turnover, we anticipated that it would provide
a useful tool for MBHase engineering capable of reporting on key features of MBH catalysis, including
nucleophilicity of His23, stabilisation of C1 oxyanion intermediates and shape complementarity
between the active site and the MBH product.
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Figure 1. A designed enzyme for the Morita-Baylis-Hillman (MBH) reaction and the
development of a dual function mechanistic inhibitor. (A) Chemical scheme of the MBH reaction
between 1 and 2 catalysed by the computationally designed enzyme BH32.[15] Intended design
features include a His23 nucleophile positioned by a hydrogen bond acceptor, and hydrogen bond
donors for oxyanion stabilisation. (B) Chemical scheme of BH32 inhibition with the mechanistic
inhibitor 4. Addition of the His23 nucleophile is followed by E1cB elimination of the acetoxy group,
generating a conjugated 1-system, which can be monitored by an increase in absorbance at 325
nm. The stereochemistry of the exocyclic double bond in the inhibited complex is unknown. The

wavelength scan shows the spectral changes that occur when BH32 (25 uM) is incubated with

inhibitor 4 (250 uM) for 40 minutes.
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The evolutionary strategy used for BH32 optimisation included both local and global mutagenesis
(Extended Data Fig. 1): error-prone PCR was used to target the entire gene sequence leading to the
identification of ‘hot spots’ that were further interrogated as small focused libraries (Rounds 1-2, 8 &
10); iterative cassette mutagenesis was used to individually randomise twenty positions per round
(Rounds 3-4, 6-7 & 9); and combinatorial active site saturation mutagenesis (CASTing) was used to
target active site residues (Round 5). Beneficial diversity identified along the evolutionary coordinate
was combined by DNA shuffling. The aforementioned spectrophotometric assay was used to rapidly
evaluate libraries during rounds 1-6. The most active (ca. 1%) clones identified during each round
were further evaluated as purified enzymes for MBH activity using HPLC analysis. The correlation
between increased rate of reaction with inhibitor 4, and improving MBH activity was generally
excellent. While the reaction of BH32 with inhibitor 4 takes > 60 minutes to reach completion, under
identical conditions selective modification of BH32.6 is essentially complete within 1.5 minutes (Fig.
2B and Extended Data Table 1). To further refine the catalytic mechanism, BH32.6 was subjected to
an additional four rounds of evolution using a UPLC assay to monitor the formation of MBH product

3 catalysed by individual variants arrayed as cell lysates in 96-well plates.

The most active variant to emerge following 10 rounds of evolution (BH32.10) contains 24 mutations
(Fig. 2A) and is 1100-fold more efficient than the starting design (Kcat/Kenone.Kaidehyde = 2399 + 200 M-
2s1and 2.21 + 0.18 M-2s1 for BH32.10 and BH32, respectively) (Fig. 2C and Extended Data Fig. 2).
This improvement in catalytic performance is achieved through a substantial 120-fold increase in
turnover number (Keat = 0.31 + 0.01 min-t and 0.16 + 0.01 hr for BH32.10 and BH32, respectively)
combined with improved affinity for 1 (Kenone = 2.6 £ 0.2 mM and 9.6 = 0.9 mM, respectively) and 2
(Kaidehyde = 0.8 £ 0.07 mM and 2.1 £ 0.2 mM, respectively).
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Figure 2: Characterization of BH32, BH32.10 and selected variants. (A) Structure showing the
amino acid positions mutated in BH32.10 (represented as spheres). Twenty-four mutations
introduced during directed evolution are shown in red. Computationally designed residues remaining
following evolution are shown in blue. The His23 catalytic nucleophile is shown in stick
representation. (B) Time course for the inhibition of BH32.6 (25 uM, green), BH32 (25 uM, blue) and
BH32 H23A (25 uM, black) with inhibitor 4 (250 uM). The black arrow indicates the time of protein
addition. (C) Bar chart comparing the turnover number (Kcat, Solid colour) and catalytic efficiency
(Kcat/Kenone.Kaldehyde, hatched) of BH32 (blue) and BH32.10 (red) for the MBH reaction between 1 and
2. Steady state kinetic data (average of measurements made in triplicate at each substrate
concentration) were fitted globally using a kinetic model for two substrates with randomly ordered
binding to extract kinetic constants and associated errors (shown as error bars). Representative
Michaelis-Menten plots at fixed concentrations of 1 or 2 are shown in Extended Data Fig. 2. (D)
HPLC traces showing product 3 formation in the reaction of 1 (3 mM) with 2 (0.6 mM) catalysed by
BH32.10 (20 uM, red) and BH32 (20 pM, blue) following 22 hours incubation. (E) Bar chart showing
the enantiomeric excess of product 3 formed following BH32 (blue) and BH32.10 (red) catalysed
MBH reactions. Reaction conditions are as described in D. (F) Protein sequence of evolved variant
BH32.10 highlighting the nucleophilic histidine (green), computationally designed residues (blue) and

positions mutated (red).
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With 3 mol% BH32, the reaction of 1 (3 mM) and 2 (0.6 mM) gave <0.5% conversion to product (3)
after 4.5 hours (Table 1, Entry 1), which increased to only 1% following incubation for 22 h (Fig. 2D).
Furthermore, product formation was accompanied by a substantial proportion of a competing aldol
by-product S1 (5:1 ratio of 3:S1, Extended Data Fig. 3). In contrast, under identical reaction
conditions BH32.10 afforded 3 as the sole product in 56% (Table 1, Entry 2) and 83% conversion
(Fig. 2D) after 4.5 hours and 22 hours, respectively. For comparison, with commonly employed small
molecule catalytic nucleophiles imidazole, DMAP and DABCO, low but detectable conversions
(<0.5%) are only achieved using high catalyst loadings and prolonged reaction times (Table 1, Entry
6-7), further highlighting the efficiency of BH32.10. Significantly, the activity gains observed during
evolution correlated with substantial improvements in enantioselectivity, with reactions catalysed by
BH32.10 affording (R)-3 in 93% e.e. (Fig. 2E).

Table 1: The MBH reactions of 1 and 2 catalysed by small molecule nucleophiles, BH32, BH32.10

and selected variants.

Entry Catalyst Catal'yst Time (h) Conversion
Loading (mol%) (%)

1 BH32 3 4.5 <0.5

2 BH32.10 3 4.5 56

3 BH32.10 H23A 3 4.5 <0.5

4 BH32.10 R124A 3 4.5 <1

5 BH32.10 W10A 3 4.5 3.8

6 Imidazole 167 22 <0.5

7 DMAP 167 22 <0.5

8 BH32.10 0.5 19 94

Entries 1-7 were carried out using 1 (3 mM) and 2 (0.6 mM) in PBS (pH 7.4) with 3% DMSO as a
cosolvent. Conversion to product was determined by HPLC analysis. Entry 8 was performed on a
preparative scale using 1 (50 mM) and 2 (10 mM) in PBS (pH 7.4) with 20% DMSO as a cosolvent.
Conversion to product was determined by HPLC analysis. The final product was isolated in 90% yield

following extraction into organic solvent and chromatographic purification.

We also explored the utility of BH32.10 for preparative scale biotransformations (Table 1, Entry 8).
Significantly, the enzyme readily tolerates 20% DMSO as an organic cosolvent, which allows
reactions to be performed with increased substrate loadings (10 mM concentration of 2). High
conversions (94%) and isolated yields (90%) are obtained within 19 h using only 0.5 mol% catalyst
loading to allow synthesis of several hundred milligrams of MBH product 3 (Extended Data Fig. 4).

The high degree of solvent tolerance and mutational flexibility of the BH32 scaffold (12% of the
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protein was mutated during computational design and evolution) is noteworthy, and likely reflects the
stability of the starting scaffold, which originates from a hyperthermophilic organism that grows
optimally at 98 °C.

To understand the origins of improved efficiency, crystal structures of several evolved BH32 variants
were solved for comparison to the original design. The most active variant, BH32.10, proved
challenging to crystallise; however, we were able to solve the apo structure of BH32.9, which contains
21 out of 24 mutations present in BH32.10, to 2.3 A resolution (Supplementary Information Table 1).
The BH32.9 and BH32 structures superimpose well, with a root-mean-square-deviation of 0.8 A.
However, evolution has resulted in extensive remodelling of the active site, including a ~30%
reduction in volume (Fig. 3). The designed His23 nucleophile has been preserved and is essential
for catalytic activity in BH32.10 (Table 1, Entry 3). In contrast GIn128 and Ser22, intended to stabilise
key oxyanion intermediates through hydrogen bonding interactions, have been abandoned during
evolution. Instead, an active site Arg124 has emerged which is critical for effective catalysis (Table
1, Entry 4). This catalytic residue emerged in the early rounds of evolutionary optimisation, and in
the crystal structure of BH32.3 (resolution 1.5 A, Supplementary Information Table 1) adopts a
conformation which places the guanidinium motif in close proximity to the amide side chain of the
originally designed GIn128. However, subsequent active site remodelling resulted in a substantial
repositioning of the arginine side chain leading to a ~5 A displacement of the guanidinium ion in
BH32.9 (Extended Data Fig. 5). The originally designed aldehyde binding site is occluded in BH32.9
by residues Trp10, Leul22, Arg124 & Ser129 which emerged during evolution. Molecular docking of
substrates 1 and 2 reveals the presence of a new aldehyde binding pocket shaped by Trp10, Val22,
1le26, Leub4, Trp88, Ser9l, Leu92, Phel32, Argl24 & Serl29, and a 2-cyclohexen-1-one binding
mode suitable for nucleophilic attack by His23 (Fig. 3).
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( BH32.9 (Black Mesh)
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(Green surface)

Figure 3: Crystal structures of BH32 and BH32.9. A ribbon representation of the superimposed
coordinates of the BH32 design model (blue) and the evolved variant BH32.9 (orange). The His23
nucleophile and catalytic Arg124 from BH32.9 are shown in orange stick representation. Substrates
docked into BH32.9 are shown in all atom-coloured stick representation. The active site surface
volume of the BH32 design model is shown as a green transparency whilst the equivalent active site
surface volume for BH32.9 is shown as a grey mesh. The right-hand panels show a close-up
representation of the active sites. The top panel shows the substrate binding pocket of BH32 design
model highlighting the spatial arrangement of the designed residues GIn128, Ser124 and His23. The
protein backbone is shown in ribbon representation (blue) with the protein surface shown in grey.
The substrates are derived from the original composite transition state model[15] with the aldehyde
shown in stick representation and transparent yellow CPK spheres. 2-Cyclohexen-1-one is also
shown in stick representation with accompanying transparent green CPK spheres. The bottom panel
shows the aldehyde and enone binding pocket of BH32.9 highlighting the spatial arrangement of key
residues Trp88, Trpl0, Argl24 and His23 (stick representation — orange carbon atoms). The protein
backbone is shown in ribbon representation (orange) with the protein surface shown in grey. The
substrate positions depicted are those obtained from initial docking studies prior to DFT calculations.
The aldehyde substrate is shown in stick representation with accompanying transparent pink CPK
spheres. 2-Cyclohexen-1-one is shown in stick representation with transparent magenta CPK

spheres.
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To shed light on the catalytic mechanism, an active site ‘cluster’ model comprising 270 atoms was
constructed from the BH32.9 crystal structure and docked substrates, with peripheral atoms fixed to
maintain the crystal structure geometry (Extended Data Fig. 6). Relaxed potential energy scans were
performed to model each chemical step (Extended Data Figures 7 and 8). During energy
minimisation of the reactant state, the aromatic aldehyde forms an edge to face 1r-stacking interaction
with Trp88. Aldehyde binding is further supported by a hydrogen bonding network involving the para-
nitro substituent, Ser129 and Trp10, two residues that emerged during the latter stages of evolution.
Trp10 packs closely with Phel132 and likely participates in additional cation-1r interactions with the
catalytic Arg124. Mutation of the Trp10 of BH32.10 to alanine leads to a substantial reduction in
activity (Table 1, Entry 5), underscoring the importance of this residue to the catalytic mechanism.
Nucleophilic addition of His23 to the si-face of 1 generates the first oxyanion intermediate (Int1) which
is stabilised by a bidentate hydrogen bond to the side chain of Arg124 (R(O-N) = 2.68 and 2.72 A).
Similar interactions have been observed in both natural[16] and de novo hydrolases[17-19] and are
the hallmark of small molecule hydrogen bonding catalysts such as thiourea and guanidinium
ions.[20,21] The transition from the reactant state to Intl has a potential energy barrier of 38.4 kJ
mol* and proceeds with rotation of the 2-cyclohexen-1-one ring, which allows Arg124 to interact with
the developing negative charge in the p-orbital of the C1-oxygen and positions the enolate of Intl in
a near ideal geometry for subsequent addition to aldehyde 2. Diastereoselective carbon-carbon bond
formation generates a second oxyanion intermediate (Int2), with the (R)-configuration at the C3-
position, and proceeds with transfer of negative charge to the C3-oxygen. Remarkably, Argl124 is
ideally positioned to support this charge transfer and shuttles between bidentate hydrogen bonding
modes to stabilise Intl and Int2 (R(O-N) = 2.62 and 2.72 A), via a bridging mode at the transition
state involving a single hydrogen bond to each oxygen atom. The resulting potential energy barrier
is only 16.0 kJ mol?, with Int1 and Int2 states that are almost isoenergetic (AE = -4.6 kJ mol?),
suggesting that this step is highly reversible. The third chemical step involves proton transfer from
C2 to the C3 alkoxide leading to the generation of a third oxyanion intermediate (Int 3), which again
is stabilised by bidentate hydrogen bonding to Arg124 (R(O-N) = 2.71 and 2.75 A). Based on previous
models of thiourea promoted MBH reactions,[22] a water molecule was included in the calculation to
facilitate proton transfer, leading to a concerted process with a potential energy barrier of 60.9 kJ
mol1. The final chemical step involves elimination of the His23 nucleophile to generate MBH product

(R)-3, and proceeds with a potential energy barrier of 43.3 kJ mol-2,
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Figure 4: Proposed Catalytic mechanism of a de novo MBHase. (A) DFT states for intermediates
1, 2 & 3 are shown in all atom-coloured stick representation. The images presented show only a
subset of the atoms used in the full DFT calculation for greater visual clarity. Atoms derived from
several residues that form close packing interactions with substrates 1 and 2 during catalysis (Trp10,
Trp88, Phel28 & Ser129) are highlighted with grey dot surfaces. Heavy atoms from the substrates
are highlighted with magenta transparent CPK spheres whilst protons (Int3) are highlighted with
purple transparent CPK spheres. Atoms from the His23 nucleophile and catalytic Arg124 are shown
in all atom-coloured stick representation. The hydrogen bonding network that emerged during
evolution between Trpl0, Serl29 and the aldehyde substrate are shown as black dashed lines. In
addition, hydrogen bonds between Arg124 and each intermediate state are shown. (B) The BH32.10
catalytic mechanism showing the role played by Arg124 in stabilising three intermediates covalently
bound through His23. A catalytic water molecule is shown in blue to facilitate proton transfer from C2
to the C3 alkoxide.

These studies show how the interplay of computational design and laboratory evolution has delivered
a highly sophisticated active site capable of processing the Morita-Baylis-Hillman reaction with high
efficiency and selectivity. BH32.10 employs two key catalytic motifs, a nucleophilic histidine and a
multi-functional arginine, in a catalytic mechanism with strong similarities to that observed with small
molecule systems.[20,21] This suggests that in cases where no natural enzyme or catalytic
antibodies are available to serve as a blueprint for theozyme design, we should turn to small molecule
catalysis for inspiration. In particular, the realization that an appropriately positioned arginine can
serve as a genetically encoded surrogate of privileged bidentate hydrogen bonding catalysts should
open the door to a wealth of new chemistries in designed active sites.[20,21,23,24] The range of
accessible chemistries can be further extended by developing engineered cellular translation

components to introduce new functional amino acids inspired by small molecule catalytic
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motifs.[25,26] In contrast to small molecule systems which are challenging to optimise, the efficiency
of protein catalysts can be enhanced by orders of magnitude through laboratory evolution.[27-29] As
highlighted in this study, a bottom up approach to enzyme development provides a remarkable
glimpse into the evolution of new active site environments, where multiple components work in
concert to fine tune and accurately position key functional groups, substrates and intermediates to
deliver complex catalytic devices reminiscent of natural enzymes. The next key challenge for design
is to learn how to build such sophisticated active sites in silico, to allow the rapid delivery of efficient

and selective de novo biocatalysts in response to diverse societal challenges.
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Chapter 4: Synthetic Utility of a de novo Morita-Baylis-Hillmanase

Rebecca Crawshaw?!, Amy E. Crossley?, Sarah L. Lovelock® and Anthony P. Green?

IManchester Institute of Biotechnology, School of Chemistry, 131 Princess Street, University of
Manchester, Manchester M1 7DN, UK.

4.1 Foreword
This chapter consists of a research article describing the substrate scope of a de novo enzyme for

the Morita-Baylis-Hillman reaction.

4.2 Author contributions

The research presented in this chapter was a collaborative effort between the doctoral candidate and
the following researchers: Amy E. Crossley, Sarah L. Lovelock and Anthony P. Green. The doctoral
candidate carried out biotransformations and HPLC/SFC analysis. The doctoral candidate and Amy
E. Crossley carried out organic synthesis. The doctoral candidate, Amy E. Crossley and Sarah L.

Lovelock interpreted and analysed the data. The manuscript was edited by Anthony P. Green.

4.3 Abstract

Computational enzyme design has delivered a handful of primitive enzymes from scratch, which can
be optimised through laboratory evolution to deliver biocatalysts for chemical transformation not
observed in Nature. We have recently reported the development of a de novo enzyme, BH32.10,
which promotes the model Morita-Baylis-Hillman reaction of 2-cyclohexen-1-one and 4-
nitrobenzaldehyde with high efficiency and selectivity. Here, we show that BH32.10 accepts a broad
range of enone and aldehyde coupling partners, including notoriously challenging MBH substrates
such as unsaturated lactones, and is also able to promote highly selective mono-functionalisations
of dialdehyde substrates to generate densely functionalised chiral molecules from simple building
blocks. Our study allows us to add the Morita-Baylis-Hillman reaction to the restricted repertoire of
biocatalysts available for C-C bond formations and makes us optimistic about the prospects of

designing de novo enzymes for complex and valuable chemical transformations.

64



4.4 Introduction

The ability to reliably design enzymes would have a significant impact across the chemical industry,
allowing for the rapid delivery of de novo biocatalysts in response to diverse societal challenges.
Computational enzyme design is conceptually similar to catalytic antibody technology; in that it aims
to generate protein catalysts based on fundamental principles of transition state stabilisation.[1]
However, in principle computational design offers a far more flexible approach, as it is not limited to
the antibody fold or reliant on the availability of an imperfect transition state mimic. Thus far,
computational algorithms have enabled the design of primitive catalysts for a handful of
transformations that have been optimised through laboratory evolution to deliver enzymes with
efficiencies approaching natural systems.[2-7] Naturally, early efforts targeted simple model
transformations previously achieved with catalytic antibodies.[8-10] For example, highly effective
antibodies and de novo enzymes have been created for the retro-aldol reaction,[3,7,10] which
employ reactive lysine residues reminiscent of natural type | aldolases. If we are to establish ‘bottom
up’ enzyme design as a reliable source of biocatalysts for practical applications, we must move
beyond the functional capabilities of antibodies, and develop enzymes for complex bimolecular
chemical processes. To this end we have recently combined computational design[11] and directed
evolution to yield a biocatalyst for the Morita-Baylis-Hillman (MBH) reaction.[12]

The Morita-Baylis-Hillman (MBH) reaction (Fig. 1A), involving the coupling of activated alkenes (e.qg.
a,B-unsaturated carbonyl compounds) with carbon electrophiles (e.g. aldehydes), is an iconic
transformation in organic synthesis.[13-15] This reaction provides a versatile and atom economical
approach to generate densely functionalised chiral building blocks for synthesis. MBH reactions are
typically promoted by small catalytic nucleophiles such as 1,4-diazabicyclo[2.2.2]octane (DABCO),
4-dimethylaminopyridine (DMAP) and imidazole. Enantioselective versions of the MBH reaction have
been developed by employing quinidine derivatives, chiral DMAP surrogates or by pairing catalytic
nucleophiles with chiral hydrogen bond donors such as thioureas;[15] however achieving high levels
of stereo-control remains a considerable challenge. Despite the great synthetic potential, the
practical utility of MBH reactions is further compromised by the low efficiencies achieved by existing
catalytic systems, which results in prolonged reaction times and the requirement for high catalyst
loadings. To address these long-standing challenges, we have recently used a combination of
computational enzyme design and directed evolution to develop the de novo enzyme BH32.10[12]
that promotes the model MBH reaction of 2-cyclohexen-1-one 1 and 4-nitrobenzaldehyde 2 with high
efficiency and selectivity that compares favourably with modest selectivities achieved by chiral small
molecule catalysts[16,17] (Fig. 1A). Structural and biochemical analysis reveals that BH32.10
employs a sophisticated catalytic mechanism which combines a His23 nucleophile with a
multifunctional catalytic Arg124 which shuttles between conformational states to stabilise multiple
oxyanion intermediates along the complex reaction coordinate (Fig. 1B). Here we show that despite
its intricate mechanism, BH32.10 can couple a broad range of enone and aldehyde coupling partners

to provide highly functionalised chiral molecules from simple chemical building blocks.
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Figure 1: A designed evolved enzyme for the Morita-Baylis-Hillman (MBH) reaction. A)
BH32.10 promotes the MBH reaction of 1 and 2 with high efficiency and selectivity.[12] B) DFT states
for intermediates (Int 1 and Int 2) formed along the reaction coordinate, showing the roles of key
catalytic residues His23 and Argl124. . Heavy atoms from the substrates 1 and 2 are highlighted with
aqua transparent CPK spheres. Atoms derived from several residues that form close packing
interactions with substrates 1 and 2 during catalysis (Trp10, Trp88, Arg124 & Ser129) shown in all
atom coloured stick representation, as well as atoms from the His23 nucleophile. The hydrogen
bonding network that emerged during evolution between Trp10, Serl29 and the aldehyde substrate
are shown as black dashed lines. In addition, hydrogen bonds between Arg124 and both intermediate

states are shown.

4.5 Results

We first investigated BH32.10 activity towards a small panel of cyclic alkenes in combination with 2
as the aldehyde reaction partner. In addition to 2-cyclohexen-1-one 1, BH32.10 efficiently couples
cyclopentenone and the functionalised cyclopentenone (3aS,6aS)-2,2-dimethyl-3a,6a-dihydro-4H-
cyclopenta[d][1,3]dioxol-4-one with appreciable levels of stereocontrol (Fig. 2). In contrast to the high
activity displayed with the S,S-isomer of 2,2-dimethyl-3a,6a-dihydro-4H-cyclopenta[d][1,3]dioxol-4-
one, activity with the R,R-enantiomer is modest, demonstrating that BH32.10 can discriminate
between enantiomeric starting materials, thus providing opportunities to develop kinetic resolution
processes. Testament to its catalytic power, BH32.10 can even promote enantioselective
transformations of unsaturated lactones, which are notoriously challenging as MBH
substrates.[18,19] To our knowledge, this is the first example of an enantioselective MBH

transformation with this challenging class of substrate.
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Figure 2: Substrate scope of de novo MBHase. BH32.10 accepts a range of activated cyclic
alkenes to deliver MBH adducts with appreciable levels of stereocontrol. Reported conversions and
selectivities are an average from biotransformations performed in triplicate. The stereochemistry of
5a-c are assigned by analogy to the (R)-3 product formed by BH32.10 mediated biotransformations.
Reaction conditions for the synthesis of 3 and 5a-c are reported in Supplementary Table 1 (Chapter
7.3.2.2).

We next explored the aldehyde substrate scope in combination with 2-cyclohexen-1-one 1 as a
coupling partner. BH32.10 couples a broad range of mono- and di- substituted aromatic aldehydes
with high levels of stereocontrol (Fig. 3). In many cases, the MBH adducts contain useful functional
groups that can serve as handles for further chemical modifications. While BH32.10 displays a clear
preference for para-substituted derivatives, the less highly evolved BH32.6 accepts a broader range
of substituents at the 2- and 3- positions, including the activated ketone isatin (product 5l), albeit with
reduced efficiency and minimal selectivity. These results suggest BH32.10 has been highly
specialised through evolution to operate efficiently and selectively on specific classes of substrate,
whereas its ancestor BH32.6 is more promiscuous and thus provides an attractive starting template

for engineering MBHases to produce a broader range of target structures.
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Figure 3: Substrate scope of de novo MBHases. BH32.10 tolerates a range of aldehydes and as
substrates, leading to the production of densely functionalised MBH adducts with high conversions
and selectivities. The less highly evolved BH32.6 accepts a broader range of substituents at the 2-
and 3- positions, albeit with reduced efficiency and minimal enantioselectivity. Reported conversions
and selectivities are an average from biotransformations performed in triplicate. The stereochemistry
of 5d-k are assigned by analogy to the (R)-3 product formed by BH32.10 mediated
biotransformations. Reaction conditions for the synthesis of 5d-0 are reported in Supplementary
Table 1 (Chapter 7.3.2.2).

We also recognised the opportunity to perform selective mono-functionalisations of aromatic and
heteroaromatic dialdehydes to deliver functionalised chiral products from simple chemical building
blocks. Indeed, biotransformations of the symmetrical dialdehydes terephthalaldehyde, thiophene-
2,5-dicarboxaldehyde and furan-2,5-dicarboxaldehyde proceed with excellent conversions and
selectivities to chiral mono-functionalised MBH adducts (5p-t). Presumably the high selectivity for
the mono-functionalised adducts arises due to the aldehyde products being too sterically
encumbered to be accommodated in the aromatic binding pocket of BH32.10. Reaction of 2-
cyclohexen-1-one 1 with the unsymmetrical dialdehyde, thiophene-2,4-dicarboxaldehyde, delivered
enantioenriched mono-substituted products 5s and 5t with modest (ca. 2:1) regiocontrol, which could

likely be improved through additional rounds of evolution.
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Figure 4: Selective mono-functionalisations of dialdehydes BH32.10 promotes enantioselective
mono-functionalisations of aromatic and heteroaromatic dialdehydes with high conversions.
Reported conversions and selectivities are an average from biotransformations performed in
triplicate. The stereochemistry of 5p-t are assigned by analogy to the (R)-3 product formed by
BH32.10 mediated biotransformations. Reaction conditions for the synthesis of 5p-t are reported in

Supplementary Table 1 (Chapter 7.3.2.2).

4.6 Conclusion

In conclusion we have demonstrated that the recently developed de novo MBHase BH32.10[12] can
promote a broad array of Morita-Baylis-Hillman transformations with selectivities and efficiencies that
cannot be achieved with existing chemical catalysts.[18,19] This study shows how de novo enzymes
can augment the biocatalytic toolbox to allow access to important chemical transformations not found
in Nature.
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5.1 Foreword
This chapter consists of a research article published in Nature on 27" May 2019 and describes the

design and evolution of an enantioselective hydrolase with a non-canonical catalytic mechanism.

5.2 Author contributions

The research presented in this chapter was a collaborative effort between the doctoral candidate and
the following researchers: Ashleigh J. Burke, Sarah L. Lovelock, Amina Frese, Mary Ortmayer, Mark
Dunstan, Colin Levy and Anthony P. Green. The doctoral candidate and Ashleigh J. Burke installed
the non-canonical amino acid Ns-methylhistidine into BH32 variants and developed biochemical
assays to investigate the impact of the non-canonical nucleophile on hydrolytic activity. Ashleigh J.
Burke and Sarah L. Lovelock carried out molecular biology, assay development, directed evolution,
and protein production, purification and kinetic characterisation. The doctoral candidate, Ashleigh J.
Burke and Sarah L. Lovelock carried out enzyme-inhibition experiments and protein crystallisation.
Ashleigh J. Burke carried out substrate synthesis, evaluation of substrates 2-7, and the final round
of evolution (OE1.3 to OE1.4). Mark Dunstan automated the directed-evolution workflow. Amina
Frese, Mary Ortmayer, Mark Dunstan and Colin Levy interpreted and analysed structural data. All

authors discussed the results and participated in writing the manuscript.
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The combination of computational design and laboratory evolution is a powerful and potentially
versatile strategy for the development of enzymes with new functions.[1-4] However, the limited
functionality presented by the genetic code restricts the range of catalytic mechanisms that are
accessible in designed active sites. Inspired by mechanistic strategies from small-molecule
organocatalysis,[5] here we report the generation of a hydrolytic enzyme that uses Ns-methylhistidine
as a non-canonical catalytic nucleophile. Histidine methylation is essential for catalytic function
because it prevents the formation of unreactive acyl-enzyme intermediates, which has been a long-
standing challenge when using canonical nucleophiles in enzyme design.[6-10] Enzyme
performance was optimised using directed evolution protocols adapted to an expanded genetic code,
affording a biocatalyst capable of accelerating ester hydrolysis with greater than 9,000-fold increased
efficiency over free Ns-methylhistidine in solution. Crystallographic snapshots along the evolutionary
trajectory highlight the catalytic devices that are responsible for this increase in efficiency. Ns-
methylhistidine can be considered to be a genetically encodable surrogate of the widely employed
nucleophilic catalyst 4-dimethylaminopyridine,[11] and its use will create opportunities to design and
engineer enzymes for a wealth of valuable chemical transformations.

Designing hydrolytic enzymes with sophisticated catalytic machineries reminiscent of those found in
nature presents a formidable challenge.[6-9,12] Natural hydrolases often use a catalytic triad
containing an activated nucleophile paired with hydrogen-bond donors to stabilise oxyanion
intermediates.[13-15] Although computational approaches have enabled the accurate design of
histidine, cysteine and serine nucleophiles, the formation of unreactive acyl-enzyme intermediates
has compromised catalytic function.[6-9] Synthetic mimics of hydrolytic enzymes and self-assembled
a-helical barrels derived from synthetic peptides are compromised by similar limitations.[10,16]

To create a functional hydrolase we selected a computationally designed enzyme for the Morita—
Baylis—Hillman reaction, denoted BH32, as a template for catalytic remodelling. BH32 uses a
histidine nucleophile (His23) built into the cap domain (HAD superfamily nomenclature) of haloacid
dehalogenase from Pyrococcus horikoshii by introducing 12 active-site mutations predicted by the
Rosetta software suite.[17] The catalytic activity of BH32 for its designed Morita—Baylis—Hillman
reaction is modest (less than 1 turnover per day). Nevertheless, we were attracted by the potential
to unlock new catalytic functions within the BH32 template by harnessing the reactivity of the
designed histidine nucleophile. The hydrolytic activity of BH32 towards a series of monoacylated
fluorescein derivatives was evaluated by monitoring the formation of the fluorescein product at 500
nm. Consistent with previously designed catalysts for ester hydrolysis, the reaction profile (product
formation over time) exhibits biphasic behaviour, with an initial ‘burst’ phase correlating to fast
enzyme acylation followed by slow hydrolytic turnover (Fig. 1a, b). Using fluorescein 2-phenylacetate
(1) as a substrate, an observed rate constant (kobs) of 1.3 = 0.03 min~* was determined for the
formation of the acyl-enzyme intermediate (Extended Data Fig. 1). A His23Ala mutation abolishes
the burst phase, suggesting that acylation proceeds via the designed His23 nucleophile. Following
the initial burst, the rate of substrate hydrolysis by BH32 is indistinguishable from that of the His23Ala
variant and from background chemical hydrolysis (Fig. 1b, Extended Data Fig. 5d). These
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observations suggest that the His23-acyl intermediate is stable and resistant to hydrolysis, thus
compromising the catalytic function of BH32.

To gain further insights into the reaction mechanism, BH32 was alkylated with the mechanistic
inhibitor 2-bromoacetophenone to provide a structural analogue of the acyl-enzyme intermediate.
The X-ray crystal structure of the inhibited protein was solved to a resolution of 2.0 A and revealed
that the nucleophilic histidine reacts via the Ne atom as originally designed for the Morita—Baylis—
Hillman reaction (Extended Data Fig. 7). The stability of the acyl-imidazole intermediate, which
accumulates during ester hydrolysis by BH32, probably arises from the loss of a proton on the non-
coordinating Ns atom following acylation to form a neutral species (Fig. 1a). We postulated that a
more reactive acyl-imidazolium intermediate could be generated by replacing His23 with a non-
canonical Ns-methylhistidine (Me-His) nucleophile (Fig. 1a). An engineered pyrrolysyl-tRNA
synthetase/pyrrolysyl-tRNA pair was used to introduce a Me-His23 residue in response to a UAG
stop codon.[18] This genetically encoded modification leads to a substantial increase in the rate of
hydrolytic turnover (Fig. 1b), affording a functional esterase that operates via a non-canonical
organocatalytic mechanism (organocatalytic esterase, OE1). This observation supports our
hypothesis that the poor turnover displayed by previously designed hydrolases can be attributed to
the challenges of accurately creating networks of residues that activate neutral acyl-enzyme species.
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Figure 1: Characterisation of BH32 containing nucleophilic His23 and Me-His23 residues. a)
Reaction scheme for the hydrolysis of fluorescein 2-phenylacetate (1) catalysed by BH32 (His23)
and BH32(His23Me-His) (OE1). Acylation of the Me-His nucleophile leads to the generation of a
reactive acyl-imidazolium intermediate. b) Time course of the hydrolysis of fluorescein 2-
phenylacetate (100 uM) catalysed by BH32 (red), BH32(His23Ala) (black) and OEL1 (blue). Reactions
were monitored by an increase in absorbance at 500 nm due to the formation of fluorescein. The
biphasic reaction profile of BH32 is consistent with rapid acylation of the His23 nucleophile followed
by slow hydrolysis of the acyl-imidazole intermediate. Following the initial burst phase, the rate of
substrate hydrolysis by BH32 is indistinguishable from that of the His23Ala variant. The introduction

of a non-canonical Me-His23 nucleophile substantially increases the rate of hydrolytic turnover.
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Directed evolution has proven to be an invaluable tool for tailoring the catalytic functions of
enzymes.[19,20] To demonstrate that this technology can be adapted to optimise designed enzymes
with non-canonical mechanisms, we subjected OEl to laboratory evolution using a
spectrophotometric assay based on fluorescein detection. The evolutionary strategy used included
both local and global mutagenesis (Fig. 2a, Extended Data Fig. 2): early rounds used combinatorial
active-site-saturation mutagenesis (CASTing)[21] to target active-site residues, including those in
close proximity to the Me-His nucleophile; error-prone PCR was used to target the entire gene,
leading to the identification of ‘hot spots’ that were further interrogated as small, focused libraries. A
further 21 residues were selected and individually randomised via saturation mutagenesis. Beneficial
diversity identified along the evolutionary coordinate was combined by DNA shuffling.

The most active variant (OE1.3) to emerge after the evaluation of more than 12,000 OE1l
descendants contains six mutations distributed around the active site, and hydrolyses fluorescein 2-
phenylacetate with a catalytic efficiency (kcat/Km, where keat is the turnover number and Kw is the
Michaelis constant) of 3,190 M1 s71, representing a 15-fold improvement over the parent template
OEL. Notably, this increased efficiency was primarily achieved through a more than 10-fold increase
in turnover number (Kcat = 0.77 £ 0.07 min~t and 7.8 £ 0.4 min~! for OE1 and OEL.3, respectively;
Fig. 2b). OE1.3 is greater than 9,000-fold more efficient than free Me-His in solution (Kwe-nis = 0.35
M1 s71; Extended Data Fig. 5a), and approximately 2,800-fold more efficient than the commonly
used organocatalysts 4-dimethylaminopyridine (DMAP) (komar = 1.13 M s71; Extended Data Fig.
5b) and N-methylimidazole (NMI) (knmi = 1.16 M1 s7%; Extended Data Fig. 5c). In contrast to previous
designs that operate via canonical nucleophiles,[6-10] OE1.3 is not compromised by slow hydrolysis
of the acyl-enzyme catalytic intermediate. The time course of fluorescein 2-phenylacetatehydrolysis
by OE1.3 shows a reaction profile that is essentially linear for more than 40 turnovers. Replacement
of the Me-His23 nucleophile with either alanine (OE1.3(Me-His23Ala)) or histidine (OE1.3(Me-
His23His)) effectively abolishes hydrolytic activity, demonstrating that catalytic function is strictly
dependent on the presence of the non-canonical residue (Fig. 2c). We also compared the activity of
OEL1.3 to that of a promiscuous natural hydrolase, CUT190, in which a classical Ser-His-Asp catalytic
triad is paired with an oxyanion hole and embedded in an open active site.[22] Notably, OE1.3 and
CUT190 display similar binding affinities for fluorescein 2-phenylacetate (Km =41 +5 and Km = 39
4 for OE1.3 and CUT190, respectively) and catalyse its hydrolysis with comparable turnover numbers
(Keat = 7.8 £ 0.4 min* and keat = 4.5 £ 0.4 min~! for OE1.3 and CUT190 respectively, Extended Data
Fig. 3d, g, h).
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Figure 2: Evolution and characterisation of OE1.3. a) Design and evolution workflow used to
generate OE1.3. BH32 (red) is a computationally designed enone-binding protein that is generated
by introducing 12 mutations into a haloacid dehalogenase from Pyrococcus horikoshii.[17]
Replacement of the His23 nucleophile of BH32 by a non-canonical Me-His residue afforded
hydrolytic enzyme OEL1 (blue). Six additional mutations were accumulated during laboratory evolution
to afford OE1.3 (purple). Position 125 was mutated twice during evolution. From OE1, each arrow
indicates the evolutionary strategy used during each round of optimisation. After each round,
beneficial diversity was combined by DNA shuffling. b) Michaelis—Menten plots of the hydrolysis of
fluorescein 2-phenylacetate by OE1 (blue) and OE1l.3 (purple). Data are mean * s.d. of
measurements made in triplicate. Michaelis—Menten plots for OE1.1 and OE1.2 are shown in
Extended Data Fig. 3. ¢) Time course of the hydrolysis of fluorescein 2-phenylacetate (100 uM)
catalysed by OE1.3 (purple) and OE1.3(Me-His23His) (black). Replacement of the Me-His catalytic
nucleophile of OE1.3 with His abolishes hydrolytic turnover.

To gain insights into the origins of improved catalytic activity along the evolutionary trajectory, X-ray
structures of OE1 and OE1.3 were solved and refined to resolutions of 2.0 A and 1.9 A, respectively
(Fig. 3a). The Me-His residue adopts a single, well-defined conformation in both structures, with the
methyl group extending into a small pocket within the protein bounded by the side chains of residues
Ile26, Met27, Leud2, Tyrd5 and Phe87. Compared with OE1, a small rotation of approximately 15°
is observed in the plane of the Me-His imidazole ring in OE1.3. The Alal9His and Ser22Met
mutations lie above and beneath the plane of the ring, respectively, and reduce the degree of
rotational freedom available to the Me-His. Glu46, which was originally designed to form a hydrogen
bond with the histidine nucleophile of BH32, is mutated to asparagine in OE1.3. The amide side chain
of Asn46 forms hydrogen bonds with two ordered water molecules, placing them in close proximity
to Me-His23 and His19. This, in combination with the phenolic side chain of Tyr45, creates a network
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of polar interactions that may have a role in mechanistically important proton transfers and/or water
delivery along the esterase reaction coordinate. Indeed, the Tyrd5Phe and Asn46Glu mutations in
OEL1.3 result in 4.3- and 3.7-fold reductions in Keat, respectively (Extended Data Fig. 3e, f, h), which
shows that these residues are functionally important but are not essential for esterase activity. The
final mutation installed during evolution (Leu10Pro), which gave a 3-fold increase in kcat, €xpands the
active-site pocket and induces a backbone rearrangement in the protein extending from residue Phe7
through to Leul3. Alkylation of OE1.3 with 2-bromoacetophenone results in complete enzyme
deactivation due to selective modification of Me-His23 (Fig. 3b, Extended Data Table 2), further
confirming its role as the catalytic nucleophile. Notably, OE1.3 was found to undergo a global
conformational change upon inhibition, which is caused by an adjustment in the relative orientations
of two domains (residues 1-15, 57—63 and 90-228 in domain 1 (core), and residues 16-56 and 64—
89 in domain 2 (cap)). The individual core and cap domains can be superimposed onto the apo-
OE1.3 structure with a root-mean-square deviation (r.m.s.d.) of 0.83 A and 0.81 A, respectively. Upon
inhibition the two domains open by approximately 9°, modulated through hinge residues located at
positions 15-22, 56-57, 63-64 and 89-90, which leads to a substantial increase in solvent-
accessible surface (Fig. 3b). We note that this domain reorientation is not observed upon Me-His
alkylation in the intermediate variant OE1.2, which lacks the Leul10Pro mutation (Extended Data Fig.
8). Although further investigation is needed to elucidate the functional importance of this domain
motion to the catalytic cycle of OEL1.3, similar conformational changes between the cap and core
domains of members of the HAD superfamily have been described previously and are thought to be
coupled to their reaction coordinate.[23] Our observations thus raise the possibility that functionally

relevant conformational dynamics have emerged during OE1.3 evolution.
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Figure 3: Crystal structures of OE1, OE1.3 and inhibited OE1.3. a) A global superposition of OE1
and OE1.3 based on backbone positions (r.m.s.d. of 0.48 A). Ribbon representations of OE1 and
OEL1.3 are shown in light blue and orange, respectively. Me-His residues are shown in ball-and-stick
representation, coloured by atom type, with Ca colouring consistent with the ribbon representation.
Sites of mutation in OE1.3 are shown in both ball-and-stick representation and Corey—Pauling—
Koltun (CPK) spheres. The right-hand panels show an expanded view of the two Me-His
environments with associated mutations. The top panel shows Me-His for structure OE1l with
associated feature enhanced electron density maps (FEM) contoured at 30. Electron density for the
protein is shown in blue, whereas ordered water molecules are shown with green electron density
for clarity (FEM, 30). The lower panel shows a similar expanded view of the OE1.3 Me-His

environment, highlighting the hydrogen bonding between Asn46 and two ordered water molecules.
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b) A ribbon and surface representation of apo- (left) and inhibited- (right) OE1.3. The orientation of
the protein in both images is identical. The Me-His and alkylated Me-His residues are shown in ball
and stick representation coloured by atom type. Alkylation of OE1.3 with 2-bromoacetophenone
induces a 9° opening between the two domains. Electron density of the alkylated Me-His is shown
in yellow and green (Fo — Fc omit map contoured at 1o (green) and 3o (yellow)). Apo- and inhibited
forms of OE1.3 were solved as their Cys186Ala/Cys212Ala variants to avoid additional alkylations

during inhibition. These substitutions had no effect on esterase activity (Extended Data Fig. 6).

We next evaluated the activities of OE1 and OE1.3 towards a series of fluorescein esters (2-6).
Substrates with electron-donating (2) and electron-withdrawing (3) phenyl substituents, heterocycles
(4 and 6), and a sterically demanding naphthyl group (5) were all well tolerated. Notably, directed
evolution resulted in substantial rate accelerations with all substrates tested, with initial velocities
between 33-fold and 8-fold greater with OE1.3 than with OE1 (Fig. 4a). However, the introduction of
an a-methyl substituent ((R)-7 and (S)-7) led to substantial reductions in activity compared with
achiral substrates 2—-6. Furthermore, the more active OE1.3 displays only modest levels of
enantioselectivity (1:1.5 in favour of the (R)-enantiomer). To demonstrate that our designed
hydrolases can be tailored to promote enantioselective transformations, OE1.3 was subjected to
further rounds of evolution.

Libraries were generated by individually randomising 20 residues (see Extended Data Fig. 2 for
details) and screened for improved activity towards fluorescein (R)-2-phenylpropanoate ((R)-7). The
most active variants from each library were subjected to a second round of screening towards both
(R)- and (S)-enantiomers of 7, leading to the identification of five clones that showed improved activity
and selectivity. Combining this beneficial diversity by DNA shuffling led to the identification of a triple
mutant OE1.4 (OE1.3(N14Q/S124L/D180F)). This variant preferentially hydrolyses (R)-7 with a Kcat
of 12 + 2.6 min~t, which is 8-fold higher than its activity towards the (S)-enantiomer (kcat = 1.5 £ 0.2
min~1) and represents a 15-fold improvement over the parent template OE1.3 (kcat = 0.8 £ 0.09 min=1;
Fig. 4b). Although disparate in sequence, the Asn14GIn, Serl24Leu and Asp180Phe mutations are
clustered around the Prol10 residue that was installed during the previous round of evolution. This
shows that our artificial enzymes can be readily adapted to perform new functions by installing a
relatively small number of mutations, making us optimistic about future efforts to utilise our

approaches to create enzymes with broad synthetic utility.
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Figure 4: Substrate promiscuity of OE1.3 and engineering of an enantioselective hydrolase
OEL1.4. a) Bar chart showing the initial rate of fluorescein ester hydrolysis (100 uM) catalysed by OE1
and OE1.3. The evolved variant OE1.3 is more active than OE1 towards all substrates screened.
Data are mean + s.d. of measurements made in triplicate, with individual data points shown as circles.
b) Bar chart comparing the kcat of OE1.3 and OEL.4 for the hydrolysis of fluorescein (R)-2-
phenylpropanoate and fluorescein (S)-2-phenylpropanoate. The corresponding Michaelis—Menten
plots are shown in Extended Data Fig. 4. c) A model of the engineered OE1.4 structure derived from
in silico mutagenesis and energy minimisation of the OE1.3 scaffold (ICM Pro). The core and cap
domains are shown as cyan and red ribbons, respectively, with Pro10 and MeHis highlighted with
grey CPK spheres. The Asnl4Gin, Serl24Leu and Aspl80Phe mutations are highlighted with

orange CPK spheres.
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Genetic-code expansion has emerged as a powerful technology for modifying protein structure and
function.[24-28] The ability to encode non-canonical functionality also presents new opportunities to
generate de novo protein catalysts. Early examples include the use of genetically encoded para-
azidophenylalanine as a reactive handle for the generation of artificial metalloenzymes, or as a
precursor to a reactive aniline group that is capable of promoting hydrazone formations.[29,30] We
have now exploited an expanded genetic code to generate an enzyme that operates via a non-
canonical organocatalytic mechanism. Introduction of the reactive Me-His nucleophile directly
through the cellular translation machinery allowed us to optimise enzyme performance via laboratory
evolution. This study takes the first steps towards the ‘bottom-up’ generation of hydrolytic enzymes
that are tailored towards specific applications, for example to degrade and recycle anthropogenic
contaminants to prevent their accumulation in the environment. The design of more efficient
biocatalysts that are capable of hydrolysing non-activated substrates will probably be achieved by
developing more sophisticated mechanisms that pair non-canonical nucleophiles with oxyanion
holes. More generally, our study will inspire the development of translation components to encode
new families of functional amino acids with diverse modes of reactivity. We anticipate that integrating
such ‘chemically inspired’ catalytic functionality into computational-design algorithms will provide a

powerful and versatile strategy to generate enzymes with functions that are not accessible to nature.
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Chapter 6: Conclusions and Outlook

We have entered an era where protein structures can be designed with near atomic level precision
based on fundamental biophysical principles. However, embedding new catalytic sites and substrate
binding pockets with similar levels of accuracy remains a formidable challenge. Prior to this thesis,
de novo enzyme design had delivered primitive enzymes for handful of well-studied transformations
that have previously been achieved with catalytic antibodies (e.g. Kemp Elimination). These designs
have been optimised through laboratory evolution to deliver efficiencies approaching natural
enzymes. If we are to establish ‘bottom-up’ enzyme design as a reliable resource of biocatalysts for
practical applications, we must move beyond simple model transformations to more complex and

mechanistically challenging reactions that have no biological counterpart.

During this PhD, the strategy of evolving a primitive computational design has been exploited to
create an efficient biocatalyst for the MBH reaction, a valuable C-C bond forming reaction for which
no effective protein catalysts were previously known. This work has moved beyond prior work in the
field, demonstrating that the combination of de novo design and laboratory evolution can be adapted
to tackle more demanding multi-step chemical transformations, where multiple functional active site
components are required to operate in concert to achieve efficient and selective catalysis. Through
extensive laboratory evolution, a biocatalyst with a 1,100-fold increase in catalytic efficiency over the
starting design has been developed. Investigation of the synthetic utility of BH32.10 revealed the
biocatalyst accepted a broad array of activated alkene and aldehyde/ketone coupling partners,
further reinforcing the versatility of this biocatalyst. The substrate scope of the predecessor BH32.6
was also assessed, revealing a more promiscuous activity in comparison to BH32.10, which could
provide an interesting starting point for the further engineering of MBHases to produce a broader
range of target structures. Cascade biocatalysis employs several enzymes which work consecutively
to generate high-value molecules from simple building blocks. By combining the engineered MBHase
in a cascade with other biocatalysts, for example a transaminase, further densely functionalised
products with distinct motifs could be accessed with high efficiency and selectivity to deliver an array

of new molecules.

BH32.10 is orders of magnitude more efficient than small molecule catalysts for the MBH reaction
and promotes reactions with high levels of stereocontrol that surpasses other known MBH catalysts.
BH32.10 delivers the (R)-enantiomer of the MBH product from the reaction of 2-cyclohexen-1-one
and 4-nitrobenzaldehyde in 93% e.e., which compares favourably with the modest selectivities
achieved with small molecule catalysts such as DABCO paired with chiral bis(thio)urea. Structural
characterization of BH32.9 combined with DFT modelling reveals that a sophisticated array of
catalytic machinery has been installed and refined along the evolution trajectory, which pairs a His23
catalytic nucleophile with a judiciously positioned Arg124. This catalytic arginine shuttles between
conformational states to stabilise multiple transition states and oxyanion intermediates along the
complex reaction coordinate. Argl24 can be likened to privileged bidentate hydrogen bonding
catalysts such as thioureas which promote a wealth of important transformations in organic

synthesis. The observation that Arg can serve as a genetically encoded surrogate of bidentate
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hydrogen bonding catalysts should therefore inspire the future design of biocatalysts for a broad

range of non-biological transformations.

Enzyme design and engineering strategies are typically reliant on Nature’s alphabet of 20 canonical
amino acids, which contain a narrow range of functional groups. Under these constraints, important
modes of catalysis have proven challenging to design. Most notably, efforts to employ catalytic Cys,
Ser or His nucleophiles to accelerate hydrolysis or acyl-transfer reactions have proven challenging
due to the stability of acyl-enzyme catalytic intermediates. Here we have exploited an expanded
genetic code to develop de novo hydrolases (OE1-OE1.4) in the BH32 scaffold, that exploit Me-His
as a non-canonical catalytic nucleophile. Histidine methylation leads to the generation of reactive
acyl-imidazolium intermediates which are susceptible to hydrolytic turnover. Significantly we have
demonstrated de novo enzymes with non-canonical amino acids can be optimised using directed
evolution workflows adapted to an expanded genetic code. This combination of GCE and laboratory
evolution delivered OE1.3, which is ca. 4 orders of magnitude more efficient than equivalent small
molecule catalysts in promoting ester hydrolysis, and OE1.4 which can promote enantioselective
transformations. We anticipate that the integration of non-canonical functional groups into enzyme
design and engineering workflows will greatly expand the repertoire of chemical transformation
accessible in de novo active sites in the coming years.
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Chapter 7: Experimental

7.1 Foreword

This chapter contains the supporting information for the research presented in Chapters 3-5.

7.2 Supporting Information for Chapter 3: An Efficient and Enantioselective de novo
Enzyme for the Morita-Baylis-Hillman Reaction

7.2.1 Methods

7.2.1.1 Materials

All chemicals and biological materials were obtained from commercial suppliers. Lysozyme, DNase
| and kanamycin were purchased from Sigma-Aldrich; polymyxin B sulfate from AlfaAesar; LB agar,
LB media, 2xYT media and arabinose from Formedium; Escherichia coli (E. coli) 5a, Q5 DNA
polymerase, T4 DNA ligase and restriction enzymes from New England BiolLabs; and
oligonucleotides were synthesised by Integrated DNA Technologies.

7.2.1.2 Construction of pBbE8k_BH32 and variants

The original BH32 design[1] was modified to introduce C186A and C212A mutations to avoid any
non-specific alkylations of these positions. These substitutions had no effects on MBH activity. The
C186A and C212A double mutant is referred to as BH32 throughout this study. BH32 was subcloned,
using Ndel and Xhol restriction sites, into a pBbE8k vector[2] modified to include a 6xHis tag or
Strep-tag following the Xhol restriction site to yield pBbE8k _BH32_ 6His or pBbE8k BH32_Strep.
The H23A mutation was introduced into the pBbE8k_BH32 constructs using QuikChange site-
directed mutagenesis.

7.2.1.3 Protein production and purification

For expression of BH32 and variants, chemically competent E. coli 5a were transformed with the
relevant pBbE8k_BH32 constructs. Single colonies of freshly transformed cells were cultured for 18
h in 10 mL LB medium containing 25 pg mL-! kanamycin. Starter cultures (500 uL) were used to
inoculate 50 mL 2xYT medium supplemented with 25 pg mL-! kanamycin. Cultures were grown at
37 °C, 200 r.p.m. to an optical density at 600 nm (ODsoo) of around 0.5. Protein expression was
induced with the addition of L-arabinose to a final concentration of 10 mM. Induced cultures were
incubated for 20 h at 25 °C and the cells were subsequently collected by centrifugation (3,220g for
10 min). For His-tagged variants, pelleted cells were resuspended in lysis buffer (50 mM HEPES,
300 mM NacCl, pH 7.5 containing 20 mM imidazole) and lysed by sonication. Cell lysates were cleared
by centrifugation (27,216¢g for 30 min), and supernatants were subjected to affinity chromatography
using Ni-NTA Agarose (Qiagen). Purified protein was eluted using 50 mM HEPES, 300 mM NacCl,
pH 7.5 containing 250 mM imidazole. For Strep-tagged variants, pelleted cells were resuspended in
Buffer NP (50 mM NaH2PO4, 300 mM NacCl, pH 8) and lysed by sonication. Cell lysates were cleared
by centrifugation (27,2169 for 30 min), supernatants were subjected to a Strep-Tactin® Superflow
Plus resin (Qiagen) and purified protein was eluted using 50 mM NaH2PO4, 300 mM NaCl, 2.5 mM
desthiobiotin at pH 8.0. Proteins were desalted using 10DG desalting columns (Bio-Rad) with PBS
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pH 7.4 and analysed by SDS-PAGE. Proteins were further purified by size-exclusion
chromatography using a Superdex 200 column (GE Healthcare) in PBS pH 7.4. Proteins were
aliquoted, flash-frozen in liquid nitrogen and stored at -80 °C. Protein concentrations were
determined by measuring the absorbance at 280 nm and assuming an extinction coefficient of 25,900
M~1 cm™! for BH32-BH32.6, and 29,910 M~ cm™! for BH32.10.
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Figure S1: SDS-PAGE of BH32 purified by affinity chromatography using Ni-NTA Agarose.

Lane 1: molecular weight marker, Lane 2: soluble fraction, Lane 3: elution of Ni-NTA resin.

7.2.1.4 Inhibition of BH32 variants

Strep-tagged BH32 variants, excluding BH32.6 which instead contained a his-tag, (25 uM) were
inhibited following incubation at room temperature with 4-methoxyphenyl-(6-oxocyclohex-1-en-1-
yl)methyl acetate, 4 (250 pM) in PBS pH 7.4 with 3% (v/v) acetonitrile. Formation of the covalently
modified protein was monitored spectrophotometrically at 325 nm. Samples were diluted in PBS pH
7.4, excess inhibitor was removed using a Vivaspin® 10k MWCO (Sartorius) and inhibited proteins

were characterised by mass spectrometry (Figure S2, Figure S3, Table S1).

7.2.1.5 Mass spectrometry

Purified protein samples were buffer exchanged into 0.1% acetic acid using a 10k MWCO Vivaspin
(Sartorius) and diluted to a final concentration of 0.5 mg mL™1. Mass spectrometry was performed
using a 1200 series Agilent LC, with a 5 pL injection into 5% acetonitrile (with 0.1% formic acid) and
desalted inline for 1 min. Protein was eluted over 1 min using 95% acetonitrile with 5% water. The
resulting multiply charged spectrum was analysed using an Agilent QTOF 6510 and deconvoluted

using Agilent MassHunter Software.
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Figure S2: Mass Spectrum of BH32 variants inhibited with the Mechanistic Inhibitor. BH32
variants (25 uM His-tagged) were inhibited following incubation with 4-methoxyphenyl-(6-
oxocyclohex-1-en-1-yl)ymethyl acetate, 4 (250 uM) in PBS pH 7.4 with 3% (v/v) acetonitrile at room
temperature for 40 minutes. Formation of the covalently modified protein was monitored
spectrophotometrically at 325 nm. Samples were diluted in PBS pH 7.4, excess inhibitor was
removed using a Vivaspin® 10k MWCO and then characterised by mass spectrometry. A) The
inhibited BH32 design mass spectrum showed multiple modifications with the mechanistic inhibitor.
B) The BH32 design was modified to introduce C186A and C212A mutations to avoid any non-
specific alkylations of these positions, displaying a single modification at H23. C) The nucleophile
knockout BH32 H23A (C186A C212A) showed no modifications with the mechanistic inhibitor. D) )

Chemical scheme of BH32 inhibition with the mechanistic inhibitor 4.
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Figure S3: Mass Spectrum of BH32.6 inhibited with the Mechanistic Inhibitor. BH32.6 (25 uM)
was inhibited following incubation with 4-methoxyphenyl-(6-oxocyclohex-1-en-1-yl)methyl acetate, 4
(250 uM) in PBS pH 7.4 with 3% (v/v) acetonitrile at room temperature for 10 minutes. Formation of
the covalently modified protein was monitored spectrophotometrically at 325 nm. Samples were
diluted in PBS pH 7.4, excess inhibitor was removed using a Vivaspin® 10k MWCO and then
characterised by mass spectrometry. A) BH32.6 mass spectrum without inhibition. B) BH32.6

inhibited with the mechanistic inhibitor displaying a single modification at H23.

7.2.1.6 Library construction

Rounds 1, 2, 8 & 10: random mutagenesis using error-prone PCR followed by saturation
mutagenesis of identified ‘hot spots’. Random libraries were generated by error-prone PCR of the
entire gene using a JBS Error-Prone Kit (Jena Bioscience) according to the manufacturer’s protocol.
PCR conditions were adjusted to generate an average of 2.5 mutations per gene. The linear library
fragments and the modified pBbE8k vector were digested using Ndel and Xhol endonucleases, gel-
purified and subsequently ligated using T4 DNA ligase. Variants with improved activity were
sequenced and identified ‘hot spots’ were subsequently individually randomised using overlap

extension PCR and NNK degenerate primers.

Rounds 3, 4, 6, 7 & 9: saturation mutagenesis. In each round, twenty positions located in the active
site and on flexible loops were individually randomised using cassette mutagenesis. DNA libraries
were constructed by overlap extension PCR using degenerate primer pairs (NNK codons). Genes

were cloned as described above.

Round 5: saturation mutagenesis. Two libraries were generated each containing two
simultaneously randomised positions (Thr122/Met130 and Ser22/Ser95). Libraries were generated
by overlap extension PCR using pBbE8k_BH32.4 as a template and degenerate primer pairs (22

codons).[3] Genes were cloned as described above.
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7.2.1.7 Shuffling by overlap extension PCR

After each round of evolution, beneficial diversity was combined by DNA shuffling of fragments
generated by overlap extension PCR. Primers were designed that encoded either the parent amino
acid or the identified mutation. These primers were used to generate short fragments (up to 6) which
were gel-purified and mixed appropriately in overlap extension PCR to generate genes containing all
possible combinations of mutations. Genes were cloned as described above.

7.2.1.8 Library screening

For protein expression and screening, all transfer and aliquotting steps were performed using
Hamilton liquid-handling robots. Chemically competent E. coli 5a cells were transformed with the
ligated libraries. Freshly transformed clones were used to inoculate 180 uyL of 2xYT medium
supplemented with 25 pg mL-1 kanamycin in Corning® Costar® 96-well microtitre round bottom plates.
For reference, each plate contained 6 freshly transformed clones of the parent template and 2 clones
containing an empty pBbE8K vector. Plates were incubated overnight at 30 °C, 80 % humidity in a
shaking incubator at 900 r.p.m. 20 uL of overnight culture was used to inoculate 480 uL 2xYT medium
supplemented with 25 ug mL-* kanamycin. The cultures were incubated at 30 °C, 80 % humidity with
shaking at 900 r.p.m. until an ODeoo of about 0.5 was reached, and L-arabinose was added to a final
concentration of 10 mM. Induced plates were incubated for 20 h at 30 °C, 80 % humidity with shaking
at 900 r.p.m. Cells were harvested by centrifugation at 2,900 g for 5 min. The supernatant was
discarded and the pelleted cells were resuspended in 400 uL of lysis buffer (PBS pH 7.4 buffer
supplemented with 1.0 mg mL? lysozyme, 0.5 mg mL? polymixin B and 10 uyg mL* DNase I) and
incubated for 2 h at 30 °C, 80 % humidity with shaking at 900 r.p.m. Cell debris was removed by
centrifugation at 2,900 g for 5 min.

Rounds 1-6: 100 pL Clarified lysate was transferred to 96-well microtitre plates containing 80 pL
PBS buffer pH 7.4. Reactions were initiated with the addition of 20 uL inhibitor 4 (Rounds 1-4: 250
UM final concentration, Rounds 5-6: 100 uM final concentration) in PBS pH 7.4 containing acetonitrile
(3% (v/v) final concentration). Inhibition was monitored spectrophotometrically at 325 nm, over 15
minutes using a CLARIOstar plate reader (BMG Labtech). Reaction rates of individual variants were
normalised to the average of the 6 parent clones.

Rounds 7-10: 75 pL Clarified lysate was transferred to 96-well polypropylene microtitre plates and
the reaction was initiated with the addition of 25 pL assay mix containing 4-nitrobenzaldehyde (0.6
mM final concentration) and 2-cyclohexen-1-one (3 mM final concentration) in PBS pH 7.4. Reactions
were heat-sealed and incubated for 18 h at 30 °C, 80 % humidity with shaking at 900 r.p.m. Reactions
were quenched with the addition of 100 pL acetonitrile and incubated for a further 2 h at 30 °C, 80
% humidity with shaking at 900 r.p.m. Precipitated proteins were removed by centrifugation at 2,900g
for 10 min. 100 uL of the clarified reaction was transferred to 96-well polypropylene microtitre plates
and heat-sealed with pierceable foil. Reactions were evaluated by HPLC analysis as described

below.
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Following each round, the most active variants were rescreened as purified proteins using the HPLC
assay. Proteins were produced and purified as described above, however starter cultures were

inoculated from glycerol stocks prepared from the original overnight cultures.

Protein Production
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Figure S4: Directed Evolution Workflow. Schematic diagram showing the evolution workflow used
to generate and evaluate libraries. Rounds 1-6 used a spectrophotometric screen to evaluate
libraries, selected hits were then purified and screened for MBH activity using a HPLC assay. Rounds
7-10 evaluated libraries for MBH activity in lysate using a HPLC assay, selected hits were then

purified and screened.

7.2.1.9 General procedure for analytical scale biotransformations

To compare the activity of BH32, BH32.10 and its variants (Table 1), analytical scale
biotransformations were performed using 1 (3 mM), 2 (0.6 mM) and the relevant biocatalyst (18 uM)
in PBS (pH 7.4) with 3 % DMSO as a cosolvents (1 mL). For comparison, reactions were also
performed at varying concentrations of small molecule catalytic nucleophiles imidazole, DMAP and
DABCO (18 uM, 60 uM and 1 mM). Reactions were incubated at 25 °C with shaking (800 r.p.m.).
For HPLC analysis, reactions were quenched at the stated time points with the addition of 1 mL
acetonitrile. Samples were vortexed and precipitated proteins were removed by centrifugation
(14,000 g for 5 minutes). For SFC analysis, the substrates and products were extracted with 3
volumes of ethyl acetate. Precipitated proteins were cleared by centrifugation (14,000 g for 5

minutes), the organic phase was separated and analysed by SFC.
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7.2.1.10 Chromatographic analysis

HPLC analysis was performed on a 1290 Infinity Il Agilent LC system with a Kinetex® 5 um XB-C18
100 A LC Column, 50 x 2.1 mm (Phenomenex), using an isocratic method with 25% acetonitrile in
water at 1 mL min! for 1.5 minutes. Peak areas were integrated using Agilent OpenLab software and
conversion was calculated at 280 nm using the extinction coefficient 600 mM-t cm for both 3 and 4.

Chiral analysis was performed using an SFC 1290 Infinity Il Agilent system with a Daicel 80S82
CHIRALPAK ® IA-3 SFC column, 3 mm, 50 mm, 3 um, using an isocratic method with 35% methanol
in CO2 at 1 mL min for 1 minute. Peak areas were integrated using Agilent OpenLabs software.
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Figure S5: Analytical Methods for MBH reaction between 2-cyclohexen-1-one and 4-
nitrobenzaldehyde. A) HPLC trace showing the 1.5 minute method used to evaluate MBH activity.

B) SFC trace showing the 1 minute method used to evaluate enantioselectivity for the MBH reaction.

7.2.1.11 Preparative scale biotransformation

A preparative scale biotransformation was performed using 1 (50 mM), 2 (10 mM), strep-tag purified
BH32.10 (50 uM) in PBS (pH 7.4, 72 mL) with 20 % DMSO (18 mL) as a cosolvent. The reaction
was incubated at 30 °C with shaking at 100 r.p.m. for 19 hours. An aliquot (100 L) was removed
and quenched with acetonitrile for HPLC analysis, which showed the reaction had proceeded to 94
% conversion. The reaction mixture was extracted with ethyl acetate (2 x 400 mL), dried over MgSQOa4,
filtered and the solvent was removed in vacuo. The crude product (Fig. S4) was purified by flash
column  chromatography  (5:1 cyclohexane:ethyl acetate) to give 2-(hydroxy(4-
nitrophenyl)methyl)cyclohex-2-en-1-one, 3 as a light-yellow solid (201 mg, 90%). Spectral data is
consistent with literature values.[3] 01 (400 MHz, CDCls3): 8.21 (m, 2H), 7.56 (m, 2H), 6.82 (t, J = 4.1
Hz, 1H), 5.62 (d, J = 6.1 Hz, 1 H), 3.51 (d, J = 6.0 Hz, 1H), 2.46 (m, 4H), 2.03 (m, 2H). 13C NMR (100
MHz, CDCls) & 200.1, 149.3, 148.1, 147.2, 140.2, 127.1, 123.5, 72.0, 38.4, 25.8, 22.3. ESI-MS m/z
=270 [M + Na]+
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7.2.1.12 Kinetic characterization

Kinetic assays were performed using strep-tagged purified enzyme (60 uM BH32 or 10 uM BH32.10)
in PBS pH 7.4 with 3% acetonitrile and either, a fixed concentration of 1 (25 mM) and varying
concentrations of 2 (0.25-2 mM for BH32 and 0.05-2 mM for BH32.10) or using a fixed concentration
of 2 (2 mM) and varying concentrations of 1 (1-25 mM for BH32 and 0.5-25 mM for BH32.10).
Reactions were incubated at 30 °C, 800 r.p.m. Samples were taken at 10-minute intervals for
BH32.10 (for one hour), and at 24 h, 40 h, 49 h, 68 h and 94 h for BH32 and analysed by HPLC as
described above. Linear fits of conversion vs time allowed determination of initial velocities (Vo) at
each condition. The combined Vo vs [4-nitrobenzaldehyde] and Vo vs [2-cyclohexen-one] steady state
kinetic data were fitted globally using a kinetic model for two-substrates with randomly ordered
binding[6] Vo = Kcat[E][A][B]/((Kenone+[A]) (Kaidehyde+[B]) where Keat is the turnover number, [E] is the total
enzyme concentration, [A] and [B] are the initial 2-cyclohexen-1-one and 4-nitrobenzaldehyde
concentrations respectively, and Kenone and Kaigehyde are the corresponding apparent Michaelis
constants.

7.2.1.13 Preparation of product standards 3 and S1.[4]

4-nitrobenzaldehyde (1.5 g, 10 mmol), 2-cyclohexen-1-one (970 pL, 10 mmol) and imidazole (681
mg, 10 mmol) were stirred in 1M NaHCOs (40 mL) and THF (10 mL) for 40 hours at room
temperature. The reaction was acidified with 1M HCI and extracted with ethyl acetate (150 mL). The
organic layer was dried over MgSOy, filtered and the solvent was removed in vacuo. The reaction
yielded a mixture of the Morita-Baylis-Hillman adduct 3 and aldol adduct S1 which were separated

by flash column chromatography (5:1 cyclohexane:ethyl acetate).

2-(hydroxy(4-nitrophenyl)methyl)cyclohex-2-en-1-one 3 (562 mg, 23%). See characterization data

above (‘preparative scale biotransformation’).

6-(hydroxy(4-nitrophenyl)methyl)cyclohex-2-en-1-one S1 (180 mg, 7%) as a 4:1 mixture of
diastereoisomers. Spectral data is consistent with literature values.[5] on (400 MHz, CDCIs): 8.26-
8.20 (m, 2H), 7.57-7.51 (m, 2H), 7.10-6.97 (m, 1H), 6.13-6.08 (m, 1H), 5.70 (d, J = 2.3 Hz, 1Hmaj),
4.99 (d, J = 8.7 Hz, 1Hmin), 4.95 (br s, OHmin), 2.95 (br s, OHmaj), 2.72-2.65 (M, 1Hmaj), 2.62-2.53 (m,
1Hmin), 2.48-2.25 (m, 2H), 2.06-1.93 (m, 1H), 1.57-1.46 (m, 1H). ESI-MS m/z = 270 [M + Na]+

7.2.1.14 Preparation of inhibitor 4

Anisaldehyde (1.36 g, 10 mmol), 2-cyclohexen-1-one (970 pL, 10 mmol) and imidazole (681 mg, 10
mmol) were stirred in 1M NaHCOs (40 mL) and THF (10 mL) 48 hours at room temperature. The
reaction was acidified with 1M HCI and extracted with ethyl acetate (150 mL). The organic layer was
dried over MgSOu, filtered and the solvent was removed in vacuo. The product was purified by flash
column chromatography (5:1 cyclohexane:ethyl acetate) to yield 2-(hydroxy(4-methoxyphenyl)
methyl)cyclohex-2-en-1-one (440 mg, 19%). Spectral data is consistent with literature values.[6] On
(400 MHz; CDClz) 7.28 (m, 2H), 6.90 (m, 2H), 6.78 (t, J = 4.1 Hz, 1H), 5.53 (s, 1H); 3.81 (s, 3H); 3.43
(s, 1H), 2.44 (m, 4H), 2.02 (m, 2H). 13C NMR (100 MHz, CDClz) 5 200.4, 158.9, 147.0, 141.1, 133.8,
127.7,113.7, 72.0, 55.2, 38.5, 25.7, 22.5. ESI-MS m/z = 255 [M + Na]+
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2-(hydroxy(4-methoxyphenyl)methyl)cyclohex-2-en-1-one (50 mg, 0.25 mmol) and acetic anhydride
(50 pL) were stirred in pyridine (1 mL) overnight at room temperature. The reaction was diluted in
ethyl acetate (30 mL) and washed with 1M NaHCO3 (2 x 10 mL), 10% CuSOa4 (2 x 10 mL) and then
brine (10 mL). The organic layer was dried over MgSOau, filtered and the solvent removed in vacuo.
The product was purified by flash column chromatography (5:1 cyclohexane:ethyl acetate) to give
the product (4-methoxyphenyl)(6-oxocyclohex-1-en-1-yl)methyl acetate, 4 (49 mg, 84%); o (400
MHz; CDCl3) 7.29 (m, 2H), 6.98 (t, J = 4.0 Hz, 1H), 6.87 (m, 2H), 6.69 (s, 1H), 3.80 (s, 3H), 2.44 (m,
4H), 2.10 (s, 3H), 2.02 (m, 2H). 3C NMR (100 MHz, CDCls) 6 197.0, 169.5, 159.3, 145.3, 138.9,
130.9, 128.6, 113.7, 71.4, 55.2, 38.3, 25.7, 22.5, 21.2. ESI-MS m/z = 297 [M + Na]+

7.2.1.15 Preparation of chiral standards

The enantiomers of 3 were separated by preparative chiral HPLC by Reach Separations
(Nottingham) to afford (R)-3 (99.5% e.e) and (S)-3 (99.9% e.e) as white solids. The absolute
stereochemistry was determined by measuring the optical rotation ((R)-3 (-52.5°) and (S)-3 (+50.0°)
at 0.008 g mL* in DCM at 27 °C) and comparison to literature values.[7]

7.2.1.16 Crystallization, refinement and model building

Crystals of BH32 and BH32 variants were prepared by mixing 200 nL of 20 mg mL™! protein in PBS
buffer pH 7.4 with equal volumes of precipitant. All trials were conducted by sitting-drop vapour
diffusion and incubated at 4 °C. Protein crystallization conditions are given in Table S3. BH32.3
crystals were flash cooled in liquid nitrogen whilst BH32.9 crystals were first cryoprotected by the
addition of 10 % PEG 200 to the mother liquor prior to flash cooling. Data were collected from single
crystals at Diamond Light Source and subsequently scaled and reduced with Xia2[8]. Preliminary
phasing was performed by molecular replacement in Phaser using a search model derived from wild-
type BH32 (PDB code: 3U26. lterative cycles of rebuilding and refinement were performed in
COOT[9] and Phenix.refine[10], respectively. Structure validation with MolProbity and PDBREDO
were integrated into the iterative rebuild and refinement process. Complete data collection and
refinement statistics can be found in Table S2. Coordinates and structure factors have been
deposited in the Protein Data Bank under accession numbers 6Z1K & 6Z1L. All figures and surface

representations were generated in ICM Pro (Molsoft).

7.2.1.17 Molecular Docking

To generate starting structures for DFT modelling, molecular docking was performed with Autodock
Vina[11], using AutoDockTools[12] to assign to the crystal structure and generate input files. The
protein was kept rigid during docking, but all substrate bonds were rotatable. For the product, the
highest-scoring pose was selected. For the reactant state, 2-cyclohexen-1-one was docked first and
the pose which showed the best overlap with the corresponding fragment of the docked product was
selected (this had an estimated binding energy only 0.2 kcal mol! higher than the lowest energy
pose, which was very similar but rotated around the keto group). The aldehyde was then docked into
the 2-cyclohexen-1-one bound structure, and again the binding mode with the best overlap to the
corresponding fragment in the docked product was selected (this had an estimated binding energy

of 0.8 kcal molt higher than the lowest binding mode).
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7.2.1.18 DFT Modelling

A cluster model was constructed using the docked conformations for the substrates, including the
first-shell amino acids around the substrates (Trp10, llel4, Alal9, Val22, His23, lle26, Leu64, Trp88,
Ser91, Leu92, Ala95, Argl24, Phel28, Serl29, Phel32). Residues were truncated at the Cp unless
their backbone atoms are in near contact with the substrates or involved in hydrogen bonding with
the substrates or other amino acids. The models contained a total of 270 atoms (or 273 when
including an extra water molecule for the proton transfer step) shown in Fig. S6. The coordinates for
all energy minimised ground and transition state structures are provided in the supplementary
materials. Calculations were performed using Gaussianl6 revision A03[13], using the B3LYP
functional[14] and the 6-31G(d,p) basis sets[15,16] for all atoms except for the Arg124 guanidino
nitrogens and the C=0 groups of 2-cyclohexen-1-one and aldehyde, for which 6-311+G(d,p) was
used. Grimme’s D3 dispersion correction with Becke-Johnson damping was employed[17] and
implicit solvation was treated using the polarizable conductor calculation model (CPCM)[18,19] with
a dielectric constant € = 5.7 to mimic the enzyme environment.[20,21] All models have a net charge
of +1 (from Argl24) and spin multiplicity 1. Sixteen peripheral atoms were kept fixed during the
calculations: the C,, of residues whose backbone was included, and Cg for residues truncated at Cp
(atom numbers 16, 26, 31, 36, 43, 52, 54, 57, 60, 71, 77, 85, 89, 97, 104, 245). Each chemical step
was modelled by performing a relaxed potential energy scan of the making/breaking bond for steps
1, 2 and 4. For step 3 a water molecule was added to promote proton transfer, and a simple reaction
coordinate, z was scanned: z = R(C-H) - R(O-H), where R is distance, C and H are the carbon and
hydrogen atoms of the breaking bond and O is the oxygen atom of the water molecule. In each case,
the transition state was selected as the structure with the highest potential energy along the scanned
coordinate, to within £0.02 A of the maximum for the breaking/forming bond for steps 1, 2 and 4, and
within £0.03 A along z for step 3.
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1 Saturation mutagenesis of ‘hotspots': Y45/T49 and F87/F88 (two 3,780 Q96R, M120L, K1671, |BH32.1 = BH32+ T49A_F87L
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7 Saturation mutagenesis of active site positions and flexible loop 450 L10W, L24F, L42V, BH32.7 = BH32.6 +

regions: L10, L24, L42, E46, A129 A129S L10W_L24F_A129S

8 Saturation mutagenesis of F154 90 F154S BH32.8 = BH32.7 + F154S
Saturation mutagenesis of active site positions and flexible loop

9 regions: Y20, V30, K47, Y56, 167, E70, F87, S91, R97, F153, 1890 K47E, Y56N, Y177C, BH32.9 = BH32.8 +
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7.2.2.1 Extended Data Figure 1: Directed evolution of BH32.10. Structures showing the amino acid

positions mutated throughout evolution (represented as spheres). The original design contains

twelve active site mutations (shown in blue) built into the cap domain of a haloacid dehalogenase

from Pyrococcus horikoshii. Fifteen mutations (shown in green) were introduced during the first six

rounds of evolution, which exploited a spectrophotometric assay. Rounds 7-10 exploited a HPLC

assay and led to the accumulation of a further nine mutations (shown in red). The final variant

BH32.10 contains 29 mutations, 5 that remain from the initial computational design and 24 that were

installed during evolution. The table shows the mutations for selected BH32 variants.
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7.2.2.2 Extended Data Figure 2: Kinetic characterization of BH32 and BH32.10 towards the MBH
reaction with 1 and 2. Michaelis-Menten plots for the MBH reaction with 1 and 2 catalysed by BH32
(60 puM, blue) or BH32.10 (10 uM, red). Kinetic assays were performed at either a fixed concentration
of 1 (25 mM) and various concentrations of 2, or using a fixed concentration of 2 (2 mM) and various
concentrations of 1. The plots show the averaged initial rates which were fitted to the Michaelis—
Menten equation using Origin software. Data are mean * s.d. of measurements made in triplicate.
To derive the rate constants the combined Vo vs [1] and Vo vs [2] steady state kinetic data were fitted

globally using a kinetic model for two substrates with randomly ordered binding.
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7.2.2.3 Extended Data Figure 3: HPLC analysis of the BH32 catalysed MBH reaction. HPLC trace
showing product 3 and aldol by-product S1 (5:1 ratio of 3:S1), formed during the BH32 (3 mol%)

catalysed reaction of 1 (3 mM) and 2 (0.6 mM) following 22 hours incubation.
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7.2.2.4 Extended Data Figure 4: Characterization of product 3 produced from a preparative scale
biotransformation. NMR traces (400 MHz; CDCls) showing A) crude product extracted from the
BH32.10 (50 uM) catalysed MBH reaction of 1 (50 mM) and 2 (10 mM) in PBS (pH 7.4) with 20%

DMSO as a cosolvent and B) product isolated following purification by flash column chromatography.
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7.2.2.5 Extended Data Figure 5: Structural characterization of residues responsible for oxyanion
intermediate stabilisation in BH32, BH32.3 and BH32.9. Three superimposed structures are
displayed, the BH32 Design Model in blue, BH32.3 in yellow and BH32.9 in orange. Backbone atoms
are displayed in cartoon ribbon representation whilst residues are shown as all atom-coloured stick
models. The catalytic Arg124 in BH32.3 adopts an orientation that places the guanidinium motif in
close proximity to the amide side chain of GIn128 designed to interact with the oxyanion of Int1.
During the evolution process, Arg124 reorientates to adopt a pose ideal to support charge transfer

during catalysis (BH32.9 orange).

101



4-nitrobenz-

aldehyde
cyclohexenone

R124

7.2.2.6 Extended Data Figure 6: Cluster model used for DFT modelling
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7.2.2.7 Extended Data Figure 7: Computed reaction profile for the complete MBH mechanism. For

step 3 (Int2 — Int3) the barrier for proton transfer was calculated with a water molecule not present

for the other steps, and the potential energy of the ground state (Int2 + H20 molecule) was

normalised to the energy of Int2.
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7.2.2.8 Extended Data Figure 8: DFT states showing reactants, transition states and intermediates
formed along the reaction coordinate. Stick representations of the complete DFT progression from
reactant through to products are presented in all atom colours. For clarity, a subset of atoms that
form close packing interactions with the substrates are shown along with atoms derived from the
His23 nucleophile and catalytic Arg124. Atoms derived from residues that provide close packing
contacts (Trpl0, Trp88, Prol28 & Serl29) are shown with additional dot surfaces (black) whilst
substrate derived heavy atoms are shown with semi-transparent CPK spheres (magenta). Substrate
derived proton atoms, relevant to catalysis, are highlighted with purple CPK spheres whilst hydrogen

bonds are shown as black dashed lines.
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7.2.2.9 Extended Data Table 1: Experimental and calculated masses of apo and inhibited enzymes.

Mass spectrometry data for BH32 and variants. Enzymes were inhibited with mechanistic inhibitor 4.

Variant Observed Mass Expected Mass

BH32 27788 27788

BH32 inhibited

28003 (80% single modification) 28002

(60 minutes incubation)
BH32 H23A 27721 27722

BH32 H23A inhibited

27721 (no modification) 27722

(60 minutes incubation)
BH32.6* 27580 27579

BH32.6 inhibited*

27795 (100% single modification) 27793

(15 minutes incubation)

BH32.10 27806 27806
BH32.10 H23A 27740 27739
BH32.10 W10A 27691 27690
BH32.10 R124A 27721 27720

*Variants highlighted contain a C-terminal His-tag. All other proteins contain a strep-tag.
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7.2.3 Supplementary Information

7.2.3.1 BH32.10 DNA and protein sequence

Mutations from the BH32 Design: L10W, N14Il, A19T, A20Y, S22V, L24F, T49A, Y56N, E70R,
F87L, S95A, M120V, T122L, D123N, S124R, Q128L, A129S, M130T, F154S, E174K, Y177C,
D180P, C186A, C212A

ATGATTCGTGCGGTATTCTTTGATAGCTGGGGTACTCTGATTAGCGTTGAAGGCACTTATAAA
GTGCATTTTAAAATTATGGAGGAAGTGCTGGGTGACTATCCGCTGAACCCGAAAACCCTGCTG
GACGAATACGAGAAACTGGCTCGCGAAGCGTTCTCTAACAATGCGGGCAAACCGTATCGTCC
GCTGCGTGATATCCTGGAACGTGTAATGCGTAAACTGGCGGAAAAGTACGGTTTCAAATACCC
TGAAAACTTGTGGGAAATCTCCCTGCGTATGGCGCAACGCTACGGCGAGCTGTACCCGGAAG
TGGTGGAAGTACTGAAATCTCTGAAAGGTAAATATCACGTTGGCGTGATCCTGAATAGGGATA
CCGAGCTGTCTACGGCATTCCTGGACGCACTGGGCATCAAAGACCTGTTCGACTCCATCACC
ACGTCTGAAGAAGCTGGTTTCTCTAAACCGCACCCACGCATCTTCGAACTGGCTCTGAAGAAA
GCCGGCGTTAAAGGCGAGAAAGCAGTGTGTGTTGGTCCTAACCCGGTCAAAGACGCGGGTG
GTTCTAAGAACCTGGGTATGACTAGCATCCTGCTGGATCGTAAAGGTGAGAAACGTGAATTCT
GGGATAAGGCGGACTTTATCGTCTCCGACCTGCGCGAAGTTATTAAGATTGTTGACGAACTGA
ACGGTCAGGGCTCTCTCGAGTGGAGTCACCCACAGTTTGAGAAA

MIRAVFFDSWGTLISVEGTYKVHFKIMEEVLGDYPLNPKTLLDEYEKLAREAFSNNAGKPYRPLRDI
LERVMRKLAEKYGFKYPENLWEISLRMAQRYGELYPEVVEVLKSLKGKYHVGVILNRDTELSTAFL
DALGIKDLFDSITTSEEAGFSKPHPRIFELALKKAGVKGEKAVCVGPNPVKDAGGSKNLGMTSILLD
RKGEKREFWDKADFIVSDLREVIKIVDELNGQGSLEWSHPQFEK
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7.2.3.2 Supplementary Information Table 1. Data collection and refinement statistics

BH32.3 BH32.9
Wavelength 0.976 0.9795
Resolution range 55.26 -1.48 (1.533 -1.48) 42,71 -2.29 (2.372 -2.29)
Space group P3121 P3121
. 71.689 71.689 121.272 90 90 70.9666 70.9666 118.768 90 90
Unit cell
120 120
158031 (15120)

Total reflections

578916 (56870)

Unique reflections

60772 (5941)

16121 (1571)

9.8 (9.6)

Multiplicity

9.5 (9.6)

99.55 (98.66)

Completeness (%) 99.90 (99.13)
Mean I/sigma(l) 14.64 (1.19) 10.51 (1.21)
Wilson B-factor 26.4 65.35
R-merge 0.05985 (1.411) 0.0806 (1.617)
R-meas 0.0634 (1.491) 0.08509 (1.708)
R-pim 0.02062 (0.4776) 0.02701 (0.5474)
CC1/2 0.997 (0.679) 0.999 (0.603)
ccr 0.999 (0.899) 1 (0.867)
Ref'fgﬂgg;gﬁfd in 60762 (5939) 16120 (1551)
Reflectior}?elésed for R- 3039 (305) 824 (95)
R-work 0.1572 (0.2272) 0.2226 (0.3236)
R-free 0.1771 (0.2647) 0.2616 (0.4293)
CC(work) 0.964 (0.872) 0.946 (0.681)
CC(free) 0.966 (0.831) 0.925 (0.403)
macromolecules 1950 1838
ligands 18 9
solvent 242 43
Protein residues 448 226
RMS(bonds) 0.009 0.006
RMS(angles) 1.12 1.08
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Ramachandran

favoured (%) 98.69 97.75
Ramachandran allowed 131 135
(%)
Ramachandran outliers
(%) 0 0.9
Rotamer outliers (%) 1.43 2.02
Clash score 2.76 8.59
Average B-factor 35.89 75.73
macromolecules 34.02 75.73
ligands 60.92 80.84
solvent 49.14 74.73
Number of TLS groups 0 1
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7.2.3.3 Supplementary Information Table 2: Mother liquor composition used for protein
crystallization of BH32.3 and BH32.9

Variant

Crystallisation conditions (200+200nl drops incubated at 4°C)

BH32.3

0.06M Divalents [0.3M Magnesium chloride hexahydrate; 0.3M calcium chloride
dihydrate]
0.1 M BS1 pH 6.5 [Imidazole; MES monohydrate (acid)]
30% Precipitant mix 2 [40% v/v Ethylene glycol; 20% w/v PEG 8K]

Morpheus screen condition A2 (Molecular Dimensions)

BH32.9

0.1M SPG pH 9.0 25% w/v PEG 1500
PACT premier Eco condition A6 (Molecular Dimensions)
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7.2.3.4 Supplementary Information Table 3: Coordinates of energy minimised DFT models.

0O0ZO00000Z000000000000Z2Z00Z00000Z000000Z0000Z000000000Z0000000000000000000

1.205779000
2.444330000
2.487783000
2.188395000
0.930507000
0.471607000
0.846890000
1.456163000
0.412169000
-0.879998000
-1.842899000
-1.492707000
-0.231482000
0.728879000
1.282748000
-1.134051000
-2.023619000
-2.241432000
-2.857790000
-3.169049000
-3.566095000
-3.058761000
-4.451998000
-3.935386000
-4.624005000
2.218324000
0.767577000
3.110809000
-0.022679000
7.307856000
6.512532000
7.456213000
7.715744000
5.585704000
8.223065000
7.265827000
7.773561000
7.902205000
5.805495000
4.886919000
5.271950000
8.025910000
8.232245000
9.482117000
9.659614000
8.334481000
7.119174000
7.128148000
5.842515000
5.894040000
5.089094000
6.857653000
5.718111000
6.499664000
4.622525000
-3.877362000
-2.560194000
-2.803480000
-1.828860000
-2.578112000
-2.514960000
-3.125956000
-1.814767000
-2.854007000
-2.054517000
-1.019976000
-1.544364000
-0.504335000
-0.770788000
2.347591000
2.238330000
1.326416000

R

-2.863845000
-3.567453000
-3.743882000
-2.421433000
-1.803581000
-2.027166000
-2.958537000
1.483631000
1.368710000
0.922907000
0.793407000
1.142947000
1.620000000
1.720814000
1.191320000
-6.911329000
-5.962772000
-4.630281000
-6.285321000
-4.107564000
-5.099851000
-7.451307000
-5.058721000
-7.409018000
-6.222464000
-8.110624000
-7.630711000
-7.126187000
-7.530019000
-5.904231000
-4.895487000
-3.931019000
-2.811631000
-5.574283000
-1.356695000
-0.257786000
0.681145000
1.898051000
-0.698870000
0.509016000
-1.598339000
0.109612000
0.941645000
1.799249000
2.813228000
0.065710000
-0.792797000
-1.937070000
-0.733499000
-2.512047000
-1.805385000
4.842869000
4.176447000
6.179869000
3.569015000
3.037519000
2.324103000
0.843634000
3.014213000
9.498149000
8.027468000
7.346600000
7.036383000
5.988682000
5.767473000
7.101549000
4.580861000
5.925027000
4.678378000
7.061582000
5.654928000
4.742580000

1.892888000
1.412983000
-0.107648000
-0.818007000
-0.291170000
0.956834000
3.077223000
3.247011000
2.201293000
2.527912000
1.536503000
0.227177000
-0.117410000
0.885135000
4.411943000
2.308724000
1.570389000
1.841702000
0.439474000
0.958660000
0.089102000
-0.320641000
-0.993494000
-1.399396000
-1.733103000
-1.481338000
-1.308787000
-2.245270000
-2.616764000
-0.771808000
-0.056828000
0.629109000
0.218794000
0.947763000
-2.510486000
-2.314788000
-1.214546000
-1.383564000
-2.010562000
-1.786369000
-3.130534000
-0.010211000
1.160687000
1.011553000
1.651936000
2.420610000
2.601426000
3.374225000
2.083566000
3.296587000
2.521850000
0.543925000
-0.238244000
1.201343000
0.644772000
7.473589000
7.148775000
6.821187000
5.988614000
1.302792000
1.017280000
-0.007382000
1.799149000
0.092482000
1.195435000
2.956539000
1.731855000
3.487882000
2.884678000
-1.502187000
-1.134549000
-1.931932000
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1.246923000
1.204173000
1.244245000
2.466448000
2.584020000
1.887418000
0.650826000
0.449266000
-0.202703000
-1.461201000
-2.102206000
-1.463313000
-0.200478000
0.424777000
-0.035529000
-1.620509000
-2.417559000
-2.374547000
-3.403189000
-3.275659000
-3.915321000
-3.887897000
-4.877191000
-4.846456000
-5.333025000
1.638245000
0.327026000
2.347405000
-0.759821000
6.505870000
6.164695000
6.790050000
7.485895000
4.644213000
8.135158000
7.278745000
7.822733000
7.940147000
5.774549000
4.962246000
5.183330000
8.092294000
8.326386000
9.744337000
10.403162000
8.069128000
6.661203000
6.257468000
5.529773000
4.933691000
4.481910000
7.258706000
6.052741000
7.003323000
4.919720000
-3.624581000
-2.340783000
-2.652928000
-1.327419000
-1.791584000
-1.879923000
-2.558587000
-1.279518000
-2.418544000
-1.639170000
-0.485483000
-1.234010000
-0.084174000
-0.458439000
2.999909000
2.719574000
1.680407000

TS1

-3.376484000
-3.602055000
-2.275339000
-1.450296000
-1.325937000
-2.225835000
-4.194292000
0.386731000
0.544787000
-0.030572000
0.156814000
0.921805000
1.486582000
1.290969000
-0.227420000
-6.924619000
-5.883623000
-4.515465000
-6.141419000
-3.909737000
-4.881096000
-7.314341000
-4.769202000
-7.207534000
-5.946632000
-8.134262000
-7.524383000
-7.261509000
-7.358858000
-6.687033000
-5.357047000
-4.275051000
-3.364051000
-5.167390000
-1.830445000
-0.657184000
0.195678000
1.421125000
-0.964881000
0.324753000
-1.841474000
-0.470290000
0.238788000
0.809209000
0.901594000
-0.670436000
-1.163265000
-2.207183000
-0.782572000
-2.427864000
-1.583102000
4.266757000
3.743238000
5.582613000
3.196149000
2.898592000
2.065043000
0.629252000
2.723176000
9.577676000
8.161897000
7.698548000
7.005418000
6.322167000
5.867687000
6.821853000
4.573082000
5.535907000
4.424797000
6.920640000
5.538035000
4.751007000

2.169459000
0.668822000
-0.097920000
0.316060000
1.828996000
2.657684000
2.933671000
3.833148000
2.515315000
2.289533000
1.076473000
0.096135000
0.277295000
1.507578000
4.762626000
1.842646000
1.122594000
1.284606000
0.103717000
0.425146000
-0.316598000
-0.502520000
-1.327107000
-1.503370000
-1.910346000
-2.025149000
-1.504376000
-3.066350000
-2.570955000
0.098692000
-0.409131000
0.444557000
0.027032000
-0.421775000
-2.588360000
-2.368267000
-1.223845000
-1.306919000
-2.102932000
-1.937007000
-3.211287000
-0.071322000
1.173991000
1.211058000
2.224698000
2.375797000
2.418637000
3.234370000
1.738829000
3.045370000
2.138002000
0.811640000
0.018440000
1.554205000
0.893897000
7.358658000
7.266898000
6.823116000
6.320057000
1.891184000
1.409595000
0.309349000
2.030982000
0.207912000
1.250716000
3.176266000
1.590829000
3.520265000
2.736686000
-1.167900000
-0.799690000
-1.574821000
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1.409919000
1.800639000
2.713387000
0.395726000
-0.650965000
-0.097910000
-0.607290000
-1.961474000
-3.230069000
-4.473418000
-3.283271000
2.570428000
2.226336000
1.577367000
1.578468000
1.198143000
-5.811703000
-4.667209000
-3.758375000
-2.567641000
-1.485004000
-0.474791000
-1.370809000
-7.667045000
-7.095007000
-6.828472000
-6.427762000
-5.772224000
-5.430937000
-6.811163000
-7.054233000
-6.935439000
-8.315695000
-8.593587000
-6.082366000
-4.713996000
-0.442893000
3.289630000
2.522539000
1.741393000
3.464790000
3.015722000
2.101800000
0.372933000
2.431949000
-1.111334000
-0.002328000
1.719262000
-0.396314000
-0.586877000
-1.795553000
-3.528399000
-2.528504000
-4.968533000
-4.091235000
-5.281599000
2.652267000
0.767968000
0.243314000
4.148113000
3.111020000
2.770300000
0.424014000
-1.052303000
-0.056689000
7.870825000
7.948093000
5.937433000
7.984253000
4.923012000
4.983112000
6.165294000
8.054783000
8.055054000
7.262490000
5.834906000
4.838410000

3.510190000
5.611590000
6.330660000
5.357368000
4.632051000
4.251837000
4.582278000
5.422133000
4.550657000
5.443073000
3.443027000
1.966571000
0.546879000
0.113117000
-1.028280000
0.317306000
-1.988094000
-3.000421000
-2.849120000
-3.701729000
-3.441531000
-4.318561000
-2.293437000
2.323039000
2.161045000
0.688502000
0.337272000
2.968891000
3.065329000
3.237033000
-0.157404000
-1.594613000
-2.241394000
-3.287185000
-2.162224000
-1.790780000
-1.569091000
-2.942225000
-4.520201000
-4.485297000
-4.125353000
-1.713328000
-2.562308000
-1.143562000
1.862315000
0.690162000
1.930569000
2.085201000
-7.375127000
-6.399396000
-4.002437000
-3.155855000
-8.366855000
-4.145455000
-8.299633000
-6.200464000
-8.287756000
-6.653254000
-8.316777000
-7.474937000
-6.143925000
-6.983672000
-6.810913000
-7.212654000
-8.501147000
-6.446697000
-5.461393000
-4.326229000
-4.335735000
-6.270859000
-4.837062000
-6.139180000
-2.082783000
-1.785581000
0.351127000
-1.289073000
1.139793000

-1.818249000
0.346062000
1.152893000

-2.684518000

-3.377491000

-4.758714000

-5.810352000

-3.439402000

-3.357065000

-3.452241000

-4.416971000

-4.457892000

-4.394914000

-5.699116000

-6.115038000

-3.275307000
4.844381000
4.802624000
6.028540000
5.985474000
5.247947000
5.188918000
4.573998000
0.377813000

-0.974931000

-1.307165000

-2.418483000

-0.966026000
0.527461000
1.164171000

-0.276334000

-0.374547000

-0.427095000
0.118363000
0.759133000
0.642863000
1.314382000
1.748445000
1.945649000

-0.414522000

-0.414153000

-0.662297000

-1.898243000

-0.947076000
2.894528000
3.561011000

-1.126298000
0.634379000
1.643050000
3.105762000
2.596716000
0.947141000

-0.074406000

-1.261920000

-2.000673000

-2.595226000

-0.488701000

-0.804945000

-0.631340000

-2.284307000

-1.759580000

-3.275733000

-3.310052000

-2.427638000

-3.124297000

-0.118871000

-1.426905000

-0.795335000
1.517570000
0.427829000
1.482573000
1.686671000

-1.815756000

-3.416013000

-3.224456000

-1.084283000

-2.681243000
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1.576204000
2.317144000
3.326380000
0.866716000
-0.234954000
0.305820000
-0.158104000
-1.452933000
-2.808156000
-3.948577000
-2.965694000
2.711698000
2.321075000
1.642396000
1.673201000
1.290345000
-5.909910000
-4.824999000
-3.882671000
-2.924344000
-1.819137000
-1.252748000
-1.237465000
-7.212247000
-6.855553000
-6.785156000
-6.599904000
-5.464711000
-4.907199000
-6.154180000
-6.915507000
-6.986941000
-8.387781000
-8.614229000
-5.923322000
-4.616208000
1.868413000
2.062821000
0.303152000
0.326473000
1.266064000
3.368613000
2.425650000
2.701854000
1.427021000
-1.931665000
0.264299000
1.397108000
-1.298802000
-0.721340000
-1.750774000
-3.458588000
-3.512476000
-5.246879000
-5.225978000
-6.074672000
2.313692000
0.540974000
-0.060019000
3.312874000
2.533320000
1.749776000
-0.453352000
-1.682535000
-0.992333000
6.134792000
7.514306000
6.561979000
6.593373000
4.182725000
4.371035000
4.244002000
7.893435000
7.957583000
7.347232000
5.724690000
5.019049000

3.524531000
5.539599000
6.146725000
5.476668000
4.887169000
4.476770000
4.860517000
5.812247000
5.078916000
6.101839000
4.020476000
2.066748000
0.665414000
0.461418000
-0.575249000
0.301463000
-1.827394000
-2.900282000
-2.870759000
-3.982146000
-4.029213000
-5.210524000
-2.923593000
2.863988000
2.771976000
1.315046000
1.023820000
3.446360000
3.353663000
3.599292000
0.417618000
-1.015939000
-1.498977000
-2.491348000
-1.728324000
-1.466581000
-2.058381000
-4.225978000
-4.176769000
-1.712526000
-2.453661000
-1.928432000
-0.450642000
-0.313682000
0.887476000
-0.616037000
2.088176000
1.739651000
-7.714210000
-6.492847000
-3.923999000
-2.916264000
-8.287024000
-3.808674000
-8.104564000
-5.889386000
-8.302353000
-6.547802000
-8.158721000
-7.689263000
-6.255258000
-7.150420000
-6.667944000
-6.969688000
-8.321266000
-6.821065000
-6.808419000
-5.253354000
-4.373144000
-5.989045000
-4.220971000
-5.171976000
-2.573582000
-2.200492000
-0.021327000
-1.531160000
0.940148000

-1.422027000
0.690763000
1.475282000

-2.363075000

-3.094801000

-4.471927000

-5.527504000

-3.172284000

-3.135532000

-3.209455000

-4.234834000

-4.233304000

-4.379315000

-5.722937000

-6.354749000

-3.295169000
4.699926000
4.596682000
5.804761000
5.794603000
5.039580000
4.753544000
4.569835000
0.591590000

-0.839020000

-1.318920000

-2.502512000

-0.962067000
0.464996000
1.315982000

-0.314344000

-0.480915000

-0.117918000
0.540395000
0.346985000

-0.157033000
3.730721000
0.387249000
0.438403000
0.108659000

-1.175978000

-0.076882000

-0.124841000
2.202084000
3.942387000
3.069525000

-0.496851000
1.685125000
1.155656000
2.288426000
1.937818000
0.337377000

-0.197345000

-1.662133000

-1.983530000

-2.701450000

-1.176406000

-1.046255000

-0.697345000

-3.355679000

-2.671229000

-3.976394000

-3.361828000

-2.132191000

-3.042040000
1.037397000
0.152863000

-1.424267000
1.532033000

-0.974800000

-0.896357000
0.598532000

-1.933918000

-3.517390000

-3.256574000

-1.162463000

-2.841178000
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5.226641000
3.867854000
5.873877000
5.275906000
4.243783000
7.901783000
7.393320000
10.238680000
8.484009000
9.224861000
7.914898000
5.434480000
5.639795000
7.229685000
6.147719000
5.275333000
6.210659000
7.348606000
5.656772000
3.842167000
4.145914000
5.038684000
-3.706276000
-4.553174000
-1.915228000
-3.443469000
-3.302105000
-1.860175000
-0.874680000
-1.622960000
-2.435218000
-3.178719000
-3.021996000
-3.748440000
-3.174218000
-0.818351000
-1.751494000
0.106541000
-0.373868000
2.749098000
1.466076000
3.236699000
0.781839000
1.771148000
2.973461000
0.453615000
-0.786546000
0.837438000
-1.980907000
-1.974411000
-3.226155000
-4.491509000
-4.495686000
-5.391056000
-3.265819000
-4.198984000
-2.441946000
3.484015000
2.582212000
3.083242000
1.055379000
0.301041000
1.636923000
0.903904000
-5.433028000
-6.488993000
-4.086691000
-5.058286000
-3.439856000
-4.299569000
-2.625317000
-0.529172000
0.301540000
-0.578846000
-2.138001000
-8.628883000
-7.765963000

1.137753000
0.183320000
-2.504351000
-1.069405000
-1.909305000
-0.887416000
1.639418000
1.404869000
0.731218000
-0.571670000
-2.289307000
0.001342000
-3.421305000
4.144574000
3.393037000
4.918367000
6.919394000
6.586485000
6.080539000
3.105495000
4.328034000
2.792720000
4.087956000
3.011916000
2.372684000
0.751674000
0.325050000
0.324900000
2.522053000
4.066651000
2.984916000
10.020677000
9.695137000
7.721705000
5.282302000
8.057601000
3.622795000
5.959196000
3.777958000
7.207970000
7.562610000
5.215609000
6.022693000
4.579905000
7.097016000
6.358188000
3.694725000
3.658560000
6.001373000
6.136252000
4.053251000
5.969966000
6.200528000
4.852406000
3.868378000
2.853102000
2.750548000
2.108713000
2.377022000
-0.116656000
0.933820000
0.922704000
0.610515000
-0.731691000
-0.961051000
-2.130532000
-2.869564000
-4.023413000
-1.809956000
-3.116423000
-4.609541000
-5.207128000
-4.134966000
-2.197887000
-1.646693000
2.640269000
2.525274000

-0.959765000
-1.557033000
-3.243273000
-4.091285000
-2.924324000
0.120561000
1.278588000
0.302722000
3.277914000
2.351450000
3.901094000
1.405325000
3.821458000
1.305625000
-0.869115000
-0.917760000
0.444945000
1.760382000
1.893308000
0.029810000
1.270797000
1.299426000
7.731476000
6.609781000
8.037113000
5.933462000
7.647542000
6.613774000
5.769251000
6.210148000
5.074775000
0.553267000
2.285808000
-0.807206000
-0.550367000
3.430804000
1.270918000
4.384656000
3.338065000
-2.421916000
-1.430694000
-1.198727000
0.429552000
0.697997000
0.613773000
-2.806158000
-2.824082000
-4.727987000
-4.369371000
-2.609052000
-2.374436000
-4.412909000
-2.660800000
-3.380506000
-5.425066000
-4.305419000
-4.329469000
-4.877925000
-3.527225000
-4.218893000
-6.238258000
-3.437561000
-2.317754000
-3.234467000
4.804171000
3.998405000
3.881791000
4.777278000
6.161190000
6.938433000
6.420948000
5.658523000
4.561030000
3.933316000
4.521474000
0.341025000
-1.759988000

112

IIrIIrIrIrIrIrIrI I rIrI I rIrIrI I I I IXI I I I I I I I I I I I I I I I I I I I I I I I I I I I IIIIIIIIIIIIIIIIIIIIIIIIIIIT

5.317925000
3.909840000
5.706944000
5.242600000
4.128662000
7.992800000
7.658857000
10.124262000
8.320728000
8.756937000
6.848840000
5.403184000
4.343927000
7.576479000
6.401317000
5.670104000
6.751938000
7.886123000
6.166962000
4.093259000
4.514737000
5.276464000
-3.414248000
-4.108057000
-1.890751000
-3.096554000
-3.363910000
-1.743414000
-0.393406000
-1.090729000
-1.728027000
-2.342438000
-2.204820000
-3.142891000
-2.814822000
-0.194801000
-1.517457000
0.525813000
-0.130929000
3.410994000
2.188545000
3.652556000
1.354379000
2.177486000
3.666179000
1.077440000
-0.479363000
1.184759000
-1.390811000
-1.409706000
-2.870143000
-3.908715000
-3.889286000
-4.924979000
-2.864208000
-3.952845000
-2.222483000
3.618682000
2.761089000
3.158533000
1.067150000
0.397165000
1.724021000
0.993248000
-5.473357000
-6.578030000
-4.240536000
-5.286463000
-3.339419000
-4.447289000
-3.283535000
-1.808262000
-0.455846000
-0.387487000
-1.371480000
-8.127526000
-7.587313000

0.939593000
0.094278000
-2.797778000
-1.337939000
-2.055934000
-1.478073000
1.112621000
1.146714000
-0.115039000
-1.523627000
-2.711811000
-0.013893000
-3.166700000
3.497367000
2.959836000
4.557258000
6.381963000
5.900151000
5.497739000
2.818748000
3.969594000
2.368547000
3.917203000
2.970521000
2.019547000
0.628225000
0.147757000
0.021180000
2.153573000
3.744732000
2.778908000
10.253684000
9.683996000
8.243894000
5.750439000
7.673057000
3.718858000
5.379354000
3.435001000
7.017756000
7.527840000
4.976285000
6.063894000
4.515751000
6.872291000
6.453771000
3.957409000
3.803267000
6.403756000
6.511651000
4.544981000
6.645635000
6.844783000
5.613052000
4.472087000
3.550603000
3.224697000
2.245309000
2.330467000
-0.042359000
1.346609000
0.926474000
0.472719000
-0.745230000
-0.823420000
-1.865808000
-2.769981000
-3.893042000
-1.924743000
-2.956146000
-4.875280000
-6.050509000
-5.194209000
-3.075459000
-2.015788000
3.277857000
3.265718000

-1.107207000
-1.757718000
-3.294271000
-4.183664000
-3.009391000
-0.025609000
1.202792000
0.228657000
3.284277000
2.335159000
3.881072000
0.994575000
3.565766000
1.530064000
-0.658907000
-0.612956000
0.847167000
2.118707000
2.254931000
0.280205000
1.551393000
1.519918000
7.701598000
6.376419000
8.268559000
5.818715000
7.503579000
6.786568000
6.280641000
6.636432000
5.300015000
1.231594000
2.901282000
-0.417988000
-0.519924000
3.784999000
0.986757000
4.404597000
3.031675000
-2.089847000
-1.089357000
-0.890431000
0.800736000
1.039377000
0.923933000
-2.506177000
-2.566714000
-4.435254000
-4.092616000
-2.331198000
-2.173258000
-4.159851000
-2.406156000
-3.146874000
-5.226064000
-4.169410000
-4.146009000
-4.653605000
-3.252403000
-4.321353000
-6.073666000
-3.377679000
-2.305396000
-3.377010000
4.743067000
3.834690000
3.677704000
4.537515000
5.860051000
6.736426000
6.099841000
4.788045000
4.120658000
4.022706000
4.989877000
0.724815000
-1.486423000
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-4.999653000
-5.957650000
-4.756739000
-4.966601000
-6.831423000
-7.137381000
-7.442953000
-6.452177000
-9.061851000
-6.120854000
-6.495915000
-4.630108000
-4.392460000
-6.400441000
-1.579392000

7.701409000

2.217678000
-1.705880000
-5.463703000
-4.436529000
-5.100324000
-5.171100000
-3.409891000
-2.252382000
-1.223405000
-2.223114000
-0.203073000
-1.213154000
-0.205709000
-5.929151000
-6.167074000
-5.613671000
-3.913525000
-1.218265000
-3.000811000
-1.220073000

0.575869000

0.594419000
-3.931485000
-3.068386000
-2.840906000
-2.503414000
-3.593427000
-2.228150000

1.019605000
0.690327000
1.560490000
3.017325000
3.100513000
2.128389000
0.193624000
0.748077000
0.007488000
-1.265498000
-2.010888000
-1.474080000
-0.203270000
0.534843000
0.245757000
-1.465090000
-2.285223000
-2.311579000
-3.218153000
-3.207686000
-3.776825000
-3.622536000
-4.712778000
-4.551629000
-5.089175000
1.838145000
0.383151000
2.567547000
-0.540427000

2.491653000
3.967660000
3.891748000
2.135990000
2.966202000
4.283468000
0.305065000
-1.796904000
-1.667269000
-3.252072000
-1.834228000
-0.851962000
2.562127000
-2.091754000
9.950818000
5.002069000
-9.081804000
-7.728142000
-0.812987000
-1.767945000
-2.926769000
-4.066624000
-1.057514000
-1.963057000
-2.181128000
-2.666042000
-3.094653000
-3.595925000
-3.816707000
-0.411593000
-1.280157000
-2.629781000
-0.703376000
-1.627838000
-2.487946000
-4.147949000
-4.542095000
-3.228423000
-2.174489000
-0.169240000
0.439998000
1.046575000
0.535392000
1.489009000

Intl

-2.648063000
-2.859037000
-2.052060000
-2.043414000
-1.357552000
-1.923461000
-3.152394000

0.254112000

0.422506000
-0.152990000

0.072366000

0.891398000

1.464599000

1.218299000
-0.202995000
-6.987847000
-5.976216000
-4.611520000
-6.263515000
-4.034455000
-5.020690000
-7.445314000
-4.935119000
-7.364218000
-6.120791000
-8.092716000
-7.797041000
-6.879152000
-7.467951000

-1.570296000
-1.369643000

0.765725000

0.871462000

2.224464000

1.076402000

0.546915000
-1.339246000
-1.014473000

0.733353000

1.722191000

0.419408000

8.315294000

5.761927000

1.307709000
-0.139334000
-1.993921000

2.765915000
-4.995084000
-4.565339000
-3.849988000
-4.265488000
-3.663519000
-3.317792000
-4.245533000
-2.107212000
-3.981786000
-1.844132000
-2.784805000
-4.181298000
-5.562290000
-2.908430000
-2.758688000
-5.180610000
-1.371216000
-0.911126000
-2.585048000
-4.705764000
-5.448613000
-4.203858000

1.758397000
-0.828175000
-0.549033000
-1.939862000

2.158226000
0.688602000
-0.279248000
0.177563000
1.545399000
2.527333000
3.009117000
3.554094000
2.284444000
2.146608000
1.002109000
0.002436000
0.101224000
1.255159000
4.567639000
1.838270000
1.104038000
1.292106000
0.044743000
0.409377000
-0.369554000
-0.601112000
-1.406054000
-1.632785000
-2.028868000
-2.023238000
-1.622764000
-2.610970000
-2.800118000
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-4.839796000
-5.595921000
-4.117197000
-4.508271000
-6.055780000
-6.364146000
-7.125852000
-6.850158000
-9.202642000
-6.076749000
-6.002570000
-4.527870000
-4.343490000
-6.518927000
-0.752195000

8.102888000

1.431479000
-2.199592000
-5.320470000
-4.501123000
-5.188352000
-5.994597000
-3.077506000
-2.098708000
-1.065096000
-2.193208000
-0.148885000
-1.293834000
-0.264077000
-5.506395000
-6.232956000
-4.989249000
-3.147180000
-0.960149000
-2.967784000
-1.397383000

0.443151000

0.657405000
-4.488452000
-2.719807000
-3.065726000
-2.168404000
-3.350376000
-1.566766000

1.228231000
0.888600000
1.745889000
3.189247000
3.210578000
2.212302000
0.593033000
1.169567000
0.233237000
-1.036705000
-1.929435000
-1.546619000
-0.292001000
0.588454000
0.690211000
-1.048486000
-1.914067000
-2.079218000
-2.761014000
-2.982956000
-3.418632000
-3.020842000
-4.315908000
-3.907754000
-4.547309000
2.294342000
0.796433000
3.020696000
-0.030073000

2.962429000
4.494426000
4.077778000
2.351546000
3.224170000
4.677278000
0.862793000
-1.243492000
-0.852980000
-2.806169000
-1.419317000
-0.526202000
2.449688000
-1.966707000
9.924470000
4.400591000
-9.123376000
-7.417631000
0.014989000
-1.112658000
-1.616535000
-2.531716000
-0.603337000
-1.675223000
-2.068357000
-2.299820000
-3.052898000
-3.300547000
-3.676861000
0.660005000
-0.338385000
-1.002874000
0.171447000
-1.583420000
-2.002923000
-3.779646000
-4.445531000
-3.320125000
-1.900008000
-0.109244000
-0.293935000
1.179092000
0.821717000
1.754448000

TS2

-2.745316000
-2.949954000
-2.140717000
-2.069050000
-1.272810000
-1.770423000
-3.398310000
-0.219606000

0.120486000
-0.479711000
-0.158232000

0.779974000

1.394747000

1.057977000
-0.543552000
-7.052707000
-6.093525000
-4.748490000
-6.417073000
-4.215757000
-5.214788000
-7.600117000
-5.174347000
-7.560012000
-6.356913000
-7.988558000
-7.764879000
-6.730915000
-7.479212000

-1.714375000
-1.244821000
0.674422000
0.653037000
2.339465000
1.369501000
0.581577000
-1.544517000
-0.505643000
0.298000000
1.397599000
-0.380121000
8.052532000
5.599195000
1.934632000
0.124138000
-2.455076000
2.635077000
-5.172458000
-4.678433000
-3.435029000
-3.395634000
-4.388123000
-3.960945000
-4.821149000
-2.706114000
-4.444651000
-2.334660000
-3.200974000
-4.402137000
-5.454693000
-2.541408000
-3.615255000
-5.787130000
-2.006299000
-1.366967000
-2.905077000
-5.120733000
-5.438020000
-5.295650000
0.896172000
-1.161278000
-1.257348000
-2.062970000

2.095015000
0.629236000
-0.348313000
0.147691000
1.457555000
2.484593000
2.944773000
3.197094000
2.073527000
2.019292000
1.011320000
0.046442000
0.064968000
1.089513000
4.338505000
1.923997000
1.175790000
1.417117000
0.056152000
0.514704000
-0.331104000
-0.657867000
-1.402929000
-1.728927000
-2.096559000
-1.947968000
-1.681711000
-2.439774000
-2.939443000
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7.251145000
6.288060000
6.985188000
7.336169000
5.061696000
8.132246000
7.293662000
7.809897000
7.900238000
5.782191000
4.967994000
5.214305000
8.082645000
8.304082000
9.730862000
10.429387000
8.026915000
6.632639000
6.238539000
5.516844000
4.940233000
4.485854000
7.139131000
5.952206000
6.848408000
4.829111000
-3.792719000
-2.429099000
-2.540912000
-1.822282000
-2.043771000
-2.071740000
-2.645955000
-1.515930000
-2.472121000
-1.790874000
-0.830031000
-1.404932000
-0.455785000
-0.743308000
2.816003000
2.576671000
1.585070000
1.579160000
2.137691000
3.108506000
0.690677000
-0.351605000
0.262390000
-0.274758000
-1.478647000
-2.904498000
-3.936900000
-3.206010000
2.798859000
2.313118000
1.645401000
1.706881000
1.251444000
-5.890719000
-4.798285000
-4.115102000
-2.976734000
-1.862822000
-1.085996000
-1.481402000
-7.202623000
-6.927091000
-6.838382000
-6.705689000
-5.571086000
-4.944573000
-6.160768000
-6.902004000
-6.966260000
-8.358463000
-8.570353000

-6.264678000
-5.214780000
-4.236561000
-3.111034000
-5.833515000
-1.673727000
-0.476561000
0.386837000
1.614240000
-0.771185000
0.513595000
-1.612170000
-0.279961000
0.422275000
0.969968000
0.930304000
-0.487821000
-1.012110000
-2.132369000
-0.594748000
-2.389542000
-1.458306000
4.425096000
3.878462000
5.729708000
3.295852000
2.492191000
1.946885000
0.481331000
2.806197000
9.504455000
8.135696000
7.775750000
6.926319000
6.418511000
5.867707000
6.631393000
4.546318000
5.316497000
4.285527000
7.003288000
5.594264000
4.818106000
3.577456000
5.513715000
6.115625000
5.540994000
4.885005000
4.185295000
3.281146000
5.873731000
5.288403000
6.420676000
4.218283000
2.115337000
0.735712000
0.518579000
-0.515371000
0.483111000
-2.016117000
-3.077456000
-3.303240000
-4.225667000
-3.911440000
-4.881074000
-2.648708000
2.676737000
2.593092000
1.140265000
0.859113000
3.321481000
3.303982000
3.499437000
0.233712000
-1.198937000
-1.696446000
-2.702278000

-0.730203000
-0.371006000
0.545531000
0.227087000
0.296183000
-2.455635000
-2.296499000
-1.147278000
-1.224371000
-2.078113000
-1.888257000
-3.225827000
0.004632000
1.255618000
1.308717000
2.298554000
2.452274000
2.439706000
3.151053000
1.768992000
2.926594000
2.088208000
0.913646000
0.108419000
1.663179000
0.973350000
7.753153000
7.314666000
6.864919000
6.196140000
1.987842000
1.379199000
0.185092000
1.941068000
-0.038222000
1.026130000
3.132337000
1.274328000
3.388920000
2.470356000
-1.003587000
-0.708864000
-1.558788000
-1.544809000
0.767646000
1.604307000
-2.261333000
-3.020510000
-4.237627000
-4.839121000
-3.406529000
-3.323716000
-3.403131000
-4.378658000
-4.241819000
-4.320094000
-5.667026000
-6.305477000
-3.235034000
4.708755000
4.619118000
5.972683000
5.874962000
5.188772000
4.676626000
5.035098000
0.642678000
-0.805709000
-1.294469000
-2.487653000
-1.015608000
0.385870000
1.291601000
-0.291283000
-0.471209000
-0.095643000
0.547078000
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7.549570000
6.568255000
7.320698000
7.504786000
5.545576000
8.195644000
7.269698000
7.731476000
7.730094000
5.789831000
4.874148000
5.275560000
8.062778000
8.243091000
9.637151000
10.352499000
8.018328000
6.674106000
6.382432000
5.525932000
5.117221000
4.577235000
6.832372000
5.676852000
6.466210000
4.602698000
-3.694445000
-2.528878000
-2.848285000
-2.176335000
-2.639213000
-2.613640000
-3.195281000
-1.988824000
-2.958616000
-2.228732000
-1.269753000
-1.771953000
-0.829214000
-1.078500000
2.339117000
2.197516000
1.256254000
1.333197000
1.775251000
2.710963000
0.313498000
-0.694715000
-0.042751000
-0.509076000
-1.854392000
-3.254670000
-4.332287000
-3.480457000
2.639159000
2.212612000
1.529483000
1.643578000
1.191968000
-5.755091000
-4.469918000
-3.802505000
-2.467306000
-1.396903000
-0.240860000
-1.438962000
-7.396228000
-7.104164000
-6.919064000
-6.783715000
-5.813123000
-5.226141000
-6.478138000
-6.925048000
-6.909066000
-8.261159000
-8.397182000

-5.743023000
-4.827429000
-3.832698000
-2.662477000
-5.615590000
-1.184893000
-0.054631000
0.848253000
2.078259000
-0.468573000
0.741722000
-1.344319000
0.209718000
0.937746000
1.564294000
1.545628000
0.031957000
-0.610500000
-1.774065000
-0.285876000
-2.149050000
-1.247135000
4.858132000
4.235507000
6.149293000
3.579986000
2.829069000
1.856843000
0.478205000
1.743380000
9.373625000
8.022292000
7.676800000
6.820659000
6.339698000
5.784789000
6.510241000
4.475286000
5.205078000
4.197977000
7.152292000
5.729619000
4.890090000
3.651516000
5.616830000
6.279093000
5.550310000
4.820192000
4.111311000
3.133008000
5.748444000
5.102572000
6.185627000
3.986681000
2.231877000
0.830460000
0.552909000
-0.482369000
0.556595000
-2.335635000
-3.160238000
-3.116208000
-3.715565000
-3.142630000
-3.829171000
-1.888121000
2.244832000
2.149409000
0.697030000
0.397900000
2.985591000
3.117656000
3.223411000
-0.200046000
-1.634189000
-2.215385000
-3.232476000

-0.948061000
-0.349460000
0.502780000
0.204222000
0.465797000
-2.490291000
-2.323693000
-1.182232000
-1.265653000
-2.087370000
-1.873773000
-3.234721000
-0.029128000
1.213819000
1.257770000
2.236055000
2.425591000
2.403169000
3.093226000
1.735707000
2.857728000
2.034674000
0.843150000
0.047115000
1.582796000
0.921770000
7.541631000
7.325847000
7.917029000
5.834826000
1.929043000
1.279808000
0.084975000
1.786641000
-0.193165000
0.836183000
2.954642000
1.021655000
3.151848000
2.195706000
-1.054286000
-0.761197000
-1.608880000
-1.599310000
0.717065000
1.548785000
-2.309554000
-3.048098000
-4.237472000
-4.779826000
-3.484313000
-3.421441000
-3.565902000
-4.447429000
-4.294112000
-4.326948000
-5.655004000
-6.284489000
-3.207737000
4.777411000
4.799563000
6.180566000
6.192563000
5.616691000
5.505648000
5.186981000
0.672873000
-0.771724000
-1.223923000
-2.412026000
-0.994075000
0.418858000
1.288801000
-0.210763000
-0.402215000
-0.001084000
0.644163000
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-5.886219000
-4.584916000
2.328500000
0.776896000
-0.366469000
1.198435000
1.482284000
3.390460000
3.653276000
2.972952000
1.772242000
-1.657668000
0.186624000
1.513216000
-1.010425000
-0.646569000
-1.722131000
-3.429635000
-3.210823000
-5.124182000
-4.869439000
-5.808810000
2.386158000
0.369354000
-0.020750000
3.614956000
2.553415000
2.102118000
-0.235616000
-1.570115000
-0.537217000
7.544264000
8.086132000
6.002385000
7.243769000
4.626916000
4.303987000
5.335186000
7.794106000
8.040785000
7.405608000
5.719133000
5.035560000
5.313192000
3.910283000
5.752269000
5.277109000
4.161115000
8.029433000
7.647384000
10.078411000
8.228064000
8.729885000
6.830313000
5.367174000
4.361502000
7.469265000
6.325239000
5.551957000
6.583204000
7.719588000
6.009682000
4.027289000
4.385350000
5.210525000
-3.713455000
-4.502855000
-1.750964000
-3.217765000
-2.936735000
-1.560912000
-0.838284000
-1.705566000
-2.466320000
-2.552728000
-2.536348000
-3.173454000

-1.912024000
-1.622464000
-1.786761000
-3.934555000
-2.614635000
-1.019629000
-2.458288000
-3.069623000
-1.525499000
-0.275223000
0.662923000
-0.771926000
2.103976000
1.675349000
-7.706360000
-6.514944000
-4.001790000
-3.047615000
-8.405095000
-3.986880000
-8.268397000
-6.083708000
-8.446776000
-6.963253000
-8.665248000
-7.109657000
-6.038068000
-6.538217000
-6.552443000
-7.325140000
-8.280517000
-6.786537000
-5.866625000
-4.679065000
-4.638604000
-6.584613000
-5.075593000
-6.322445000
-2.415738000
-2.022845000
0.140550000
-1.369814000
1.152184000
1.106835000
0.285344000
-2.557021000
-1.069364000
-1.850071000
-1.290814000
1.303931000
1.412791000
0.070677000
-1.327978000
-2.676268000
0.230069000
-3.191843000
3.658586000
3.110642000
4.686902000
6.527662000
6.063916000
5.619907000
2.880543000
4.057731000
2.490692000
3.528288000
2.472503000
1.983147000
0.400087000
-0.152575000
0.094099000
2.429839000
3.848973000
2.798223000
10.230001000
9.517970000
8.385838000

0.335516000
-0.164087000
3.584676000
0.483369000
0.549370000
-0.332830000
-1.290535000
0.272345000
-0.541085000
1.395679000
3.560397000
2.943273000
-0.682453000
1.367118000
1.147153000
2.389439000
1.964269000
0.328574000
-0.301443000
-1.727849000
-2.143525000
-2.841286000
-1.140584000
-0.906322000
-1.086048000
-2.832998000
-1.906682000
-3.541249000
-3.315528000
-2.459808000
-3.536299000
0.093668000
-1.153527000
-1.282302000
1.547875000
-0.367201000
0.512839000
1.237958000
-1.844428000
-3.404698000
-3.193327000
-1.159171000
-2.774300000
-1.039045000
-1.731453000
-3.340468000
-4.176186000
-3.045326000
0.032120000
1.272424000
0.356846000
3.370941000
2.439907000
3.765812000
1.094578000
3.351381000
1.629709000
-0.573417000
-0.518955000
0.959666000
2.235939000
2.357880000
0.351449000
1.618715000
1.614153000
8.098968000
6.917245000
8.178581000
6.003718000
7.666562000
6.564309000
5.895859000
6.509869000
5.307949000
1.347482000
2.967436000
-0.534267000
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-5.766028000
-4.501674000
2.613942000
1.004055000
-0.176616000
1.349528000
1.705971000
3.579536000
3.837741000
3.018955000
2.069068000
-1.316477000
-0.014380000
1.550530000
-0.333765000
-0.475603000
-1.586945000
-3.278282000
-2.530189000
-4.807710000
-4.111931000
-5.228563000
2.772882000
0.676872000
0.386159000
4.093432000
2.904126000
2.628170000
0.287725000
-1.089762000
0.066417000
8.039397000
8.248753000
6.074924000
7.785416000
5.079464000
4.763343000
6.025380000
7.907552000
8.137228000
7.323487000
5.792263000
4.851377000
5.195932000
3.847162000
5.882300000
5.287894000
4.244725000
8.096437000
7.537252000
9.945179000
8.153775000
8.789362000
7.022305000
5.301777000
4.629171000
7.210106000
6.091783000
5.218956000
6.157142000
7.315584000
5.633558000
3.825015000
4.114557000
5.043861000
-3.459319000
-4.595140000
-1.649635000
-3.738569000
-3.056352000
-2.016364000
-1.304923000
-1.951080000
-3.019556000
-3.200835000
-3.106509000
-3.767162000

-2.292359000
-1.943269000
-1.946054000
-4.024596000
-2.741311000
-1.125753000
-2.591174000
-3.077925000
-1.589475000
-0.222622000
0.418338000
-1.205057000
2.128649000
1.558410000
-7.553982000
-6.541891000
-4.125300000
-3.247853000
-8.528842000
-4.258999000
-8.465354000
-6.341881000
-8.338293000
-6.934214000
-8.651495000
-6.910899000
-5.909178000
-6.385807000
-6.558793000
-7.369567000
-8.298018000
-6.273011000
-5.232337000
-4.274291000
-4.255415000
-6.371428000
-4.961930000
-6.123698000
-1.956315000
-1.529025000
0.567754000
-1.076877000
1.377620000
1.370260000
0.420596000
-2.245020000
-0.792299000
-1.661956000
-0.802128000
1.780615000
2.040564000
0.624034000
-0.745695000
-2.275759000
0.533641000
-3.018043000
4.118822000
3.493267000
5.016673000
6.925537000
6.537191000
5.996480000
3.112179000
4.310105000
2.802231000
3.824321000
2.471811000
2.255373000
0.053831000
0.538986000
-0.220815000
1.098879000
2.722991000
1.321943000
10.089107000
9.334254000
8.285337000

0.360982000
-0.190637000
3.476898000
0.442584000
0.497666000
-0.454389000
-1.341854000
0.326303000
-0.586060000
1.210054000
3.185951000
2.771745000
-0.682732000
1.137960000
1.259834000
2.704201000
2.150833000
0.444455000
-0.380156000
-1.698924000
-2.292906000
-2.941326000
-1.024159000
-0.971335000
-1.181556000
-2.568664000
-1.721900000
-3.401733000
-3.437885000
-2.691918000
-3.662211000
-0.229492000
-1.482096000
-1.155645000
1.418435000
-0.170435000
0.861497000
1.309782000
-1.890511000
-3.443735000
-3.222137000
-1.172658000
-2.764005000
-1.040802000
-1.677446000
-3.360671000
-4.181686000
-3.047419000
0.001674000
1.216062000
0.308359000
3.335258000
2.446030000
3.696139000
1.075776000
3.264922000
1.564200000
-0.638593000
-0.575182000
0.872961000
2.154492000
2.276676000
0.306474000
1.571804000
1.558241000
7.149774000
7.027102000
7.851069000
7.434394000
8.990402000
7.774979000
5.674681000
5.398388000
5.270878000
1.322357000
2.920264000
-0.601123000
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-2.855473000
-0.603355000
-1.614734000

0.066710000
-0.433848000

3.211497000

1.983508000

3.528217000

1.157776000

2.021198000

3.439706000

0.785748000
-0.771441000

1.256641000
-1.308311000
-1.416546000
-2.998073000
-3.884418000
-3.774760000
-4.952046000
-3.111796000
-4.232398000
-2.526305000

3.764440000

2.737655000

3.105082000

1.057624000

0.404836000

1.689727000

0.887195000
-5.474504000
-6.395614000
-4.046142000
-5.215627000
-3.777263000
-4.810589000
-3.197631000
-1.506223000
-0.372272000
-0.698414000
-1.924244000
-8.135699000
-7.712823000
-4.957703000
-5.755236000
-4.188640000
-4.481426000
-5.989488000
-6.436636000
-7.070477000
-6.840621000
-9.182655000
-6.024911000
-5.967613000
-4.496703000
-4.218258000
-6.651405000
-1.017042000

7.985097000

1.853548000
-2.063065000
-5.318979000
-4.461938000
-5.148176000
-5.921076000
-3.061379000
-2.043723000
-0.967490000
-2.142850000
-0.012819000
-1.207315000
-0.134401000
-5.529642000
-6.217966000
-4.986581000
-3.165895000
-0.858766000

5.904193000
7.419106000
3.757608000
5.074768000
3.271331000
7.155777000
7.576940000
5.066607000
6.003517000
4.471335000
6.874721000
6.545103000
4.090749000
4.570249000
6.286663000
6.717423000
4.791629000
6.918454000
7.186203000
6.030361000
4.637006000
3.855492000
3.370255000
2.181390000
2.469974000
-0.017293000
1.393456000
1.163698000
0.660739000
-0.544601000
-1.044886000
-1.891810000
-2.776273000
-4.029568000
-2.356987000
-3.736615000
-5.209645000
-5.778803000
-4.553538000
-2.461575000
-1.891947000
3.027536000
3.059265000
2.833856000
4.352577000
4.077490000
2.331377000
3.163611000
4.563626000
0.666341000
-1.413720000
-1.047550000
-2.990854000
-1.628403000
-0.672796000
1.895606000
-2.287631000
9.856946000
4.583202000
-8.917884000
-7.573003000
-0.112325000
-1.207993000
-1.725933000
-2.669870000
-0.645524000
-1.681829000
-1.992902000
-2.353502000
-2.942206000
-3.324184000
-3.617002000
0.531522000
-0.499408000
-1.095671000
0.121796000
-1.470049000

-0.813989000
3.844978000
0.561010000
4.309436000
2.695106000

-1.925128000

-0.895798000

-0.806781000
0.875809000
1.067400000
1.094499000

-2.297446000

-2.394917000

-4.540886000

-4.408419000

-2.709753000

-2.344884000

-4.377871000

-2.636495000

-3.282614000

-5.387513000

-4.259989000

-4.302238000

-4.546259000

-3.291156000

-4.221025000

-6.014209000

-3.353969000

-2.248443000

-3.280189000
4.998076000
3.746439000
3.880659000
4.271709000
6.406518000
6.694492000
5.924679000
4.491760000
4.016161000
4.393753000
5.527671000
0.825867000

-1.409588000

-1.775237000

-1.332962000
0.534453000
0.581516000
2.319137000
1.325037000
0.619050000

-1.538815000

-0.458542000
0.263749000
1.393324000

-0.346686000
8.567264000
5.448587000
2.143658000
0.233520000

-2.747580000
2.549983000

-5.163713000

-4.659079000

-3.421204000
-3.385708000

-4.358584000

-3.934998000

-4.776111000

-2.704979000

-4.405394000

-2.342633000

-3.189315000

-4.398531000

-5.445234000

-2.531620000

-3.581940000

-5.721401000
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-3.347731000
-1.067582000
-1.954277000
-0.276574000
-0.711643000

2.714507000

1.470209000

3.182029000

0.767037000

1.728982000

2.985684000

0.328951000
-1.088889000

0.905987000
-1.676298000
-1.848173000
-3.353498000
-4.277096000
-4.221894000
-5.332498000
-3.368208000
-4.495277000
-2.772805000

3.598308000

2.567996000

3.041040000

0.881775000

0.302568000

1.640668000

0.890221000
-5.548645000
-6.248601000
-3.773488000
-4.676790000
-3.729385000
-4.400783000
-2.414456000
-0.280136000

0.336636000
-0.586929000
-2.275137000
-8.368903000
-7.919312000
-5.133234000
-6.082960000
-4.564210000
-4.664393000
-6.296195000
-6.877831000
-7.103553000
-6.796671000
-9.130220000
-5.855207000
-5.821261000
-4.438792000
-3.936404000
-6.465834000
-1.628102000

7.665099000

2.415335000
-1.638211000
-5.452744000
-4.431287000
-5.048667000
-5.541796000
-3.199278000
-2.057730000
-1.008882000
-2.040204000

0.032532000
-1.017103000

0.026545000
-5.805977000
-6.248939000
-5.101158000
-3.511641000
-0.994061000

5.831052000
7.278249000
3.710710000
4.954679000
3.192170000
7.332647000
7.667430000
5.267783000
6.041927000
4.568500000
7.061011000
6.558929000
4.033727000
4.566834000
6.146646000
6.609290000
4.632602000
6.650606000
6.985022000
5.755940000
4.372820000
3.587721000
3.168357000
2.331074000
2.612433000
0.117215000
1.384775000
1.179596000
0.799318000
-0.491810000
-1.278105000
-2.405222000
-2.783991000
-4.204340000
-2.088384000
-3.658495000
-4.708808000
-4.820602000
-3.573143000
-1.395510000
-1.343644000
2.475820000
2.539525000
2.512259000
3.972198000
3.978059000
2.215732000
2.971640000
4.247812000
0.224476000
-1.802829000
-1.616620000
-3.377092000
-2.011517000
-0.982337000
2.932208000
-2.684789000
9.774167000
5.061187000
-8.795519000
-7.842914000
-0.521294000
-1.528935000
-2.521499000
-3.587231000
-0.828460000
-1.776254000
-1.924701000
-2.555267000
-2.823390000
-3.476948000
-3.608915000
-0.085899000
-0.978976000
-2.165713000
-0.311960000
-1.317957000

-0.969820000
3.695653000
0.275266000
4.052399000
2.371089000

-1.979215000

-0.938374000

-0.866550000
0.833139000
1.015091000
1.040043000

-2.336499000

-2.397853000

-4.585420000

-4.491049000

-2.805916000

-2.430670000

-4.556580000

-2.824558000

-3.454381000

-5.467430000

-4.348200000

-4.317819000

-4.609412000

-3.354288000

-4.229409000

-5.999472000

-3.330418000

-2.240133000

-3.206953000
4.975727000
3.803716000
4.041446000
4.539495000
6.551032000
6.915589000
6.360443000
5.691594000
4.693141000
4.817311000
5.313897000
0.841797000

-1.391538000

-1.703352000

-1.383220000
0.533400000
0.681276000
2.338311000
1.250717000
0.700440000

-1.480311000

-0.344129000
0.295329000
1.421187000

-0.325186000
8.604825000
5.534115000
2.070188000
0.158582000

-2.682774000
2.405678000

-4.938923000

-4.606937000

-3.649277000
-3.974241000

-4.008461000

-3.719636000

-4.636265000

-2.552453000

-4.397567000

-2.322488000

-3.242472000

-4.085082000

-5.378101000

-2.601335000

-3.094705000

-5.536852000
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-2.948447000
-1.315408000
0.602288000
0.827904000
-4.415039000
-2.718420000
-2.984493000
-2.288278000
-3.434561000
-1.819705000

1.500090000
1.122213000
2.001271000
3.415165000
3.339458000
2.329996000
1.151394000
1.449102000
0.423420000
-0.838274000
-1.800006000
-1.492321000
-0.254150000
0.690667000
0.903498000
-0.853035000
-1.750651000
-1.986875000
-2.565959000
-2.906122000
-3.279690000
-2.756856000
-4.166538000
-3.631945000
-4.328574000
2.496984000
0.976581000
3.149232000
0.183758000
7.560452000
6.677374000
7.531522000
7.584709000
5.896828000
8.193280000
7.217113000
7.649872000
7.583302000
5.762209000
4.789655000
5.280465000
8.031362000
8.177530000
9.551720000
10.279850000
7.967366000
6.686728000
6.506287000
5.521862000
5.295902000
4.675254000
6.641716000
5.502394000
6.238928000
4.463535000
-3.813457000
-2.585247000
-2.965635000
-1.908750000
-2.961843000
-2.892785000

-2.117617000
-3.844544000
-4.359589000
-3.138358000
-1.997140000
-0.131718000
-0.379237000

1.197998000

0.726530000

1.926926000

Int2

-3.107772000
-3.223687000
-2.385736000
-2.272448000
-1.416699000
-1.934523000
-3.963374000
-0.743078000
-0.240320000
-0.853622000
-0.430354000
0.626520000
1.272859000
0.832387000
-1.119312000
-7.011315000
-6.102392000
-4.766117000
-6.474180000
-4.284453000
-5.309460000
-7.672969000
-5.320666000
-7.683502000
-6.516732000
-7.879045000
-7.787005000
-6.532900000
-7.475439000
-5.382828000
-4.569231000
-3.567072000
-2.376672000
-5.472133000
-0.881344000
0.203816000
1.129391000
2.357124000
-0.278478000
0.883548000
-1.171991000
0.513844000
1.260861000
1.928442000
1.907363000
0.371026000
-0.390635000
-1.589327000
-0.177710000
-2.094608000
-1.241557000
5.130995000
4.477524000
6.417157000
3.766001000
2.816907000
1.899339000
0.496198000
1.843697000
9.355914000
7.997176000

-2.017026000
-1.397342000
-2.898309000
-5.063496000
-5.415332000
-5.260822000

0.889740000
-1.165283000
-1.232776000
-2.038634000

1.885288000
0.421848000
-0.515764000
0.057896000
1.324576000
2.367892000
2.682098000
2.985614000
1.967277000
1.910033000
1.006310000
0.142768000
0.175717000
1.101478000
4.166158000
2.034630000
1.263445000
1.491814000
0.135196000
0.576860000
-0.266922000
-0.574525000
-1.348588000
-1.655616000
-2.037866000
-1.847036000
-1.636239000
-2.186910000
-2.909127000
-1.150138000
-0.303090000
0.437130000
0.166304000
0.649212000
-2.505295000
-2.326927000
-1.192163000
-1.278762000
-2.079925000
-1.851377000
-3.227975000
-0.041484000
1.195360000
1.240699000
2.209419000
2.422709000
2.366867000
3.033512000
1.681748000
2.765321000
1.944305000
0.795102000
-0.001096000
1.524398000
0.872416000
7.325923000
7.359081000
7.847054000
5.981565000
1.891214000
1.259072000
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-2.831420000
-1.038676000

0.830997000

0.851316000
-4.154718000
-2.887198000
-2.900989000
-2.497487000
-3.607912000
-2.184950000

-2.441986000
-4.087901000
-4.314074000
-2.889455000
-2.063382000
-0.056646000
-0.627785000

1.153694000

0.596459000

2.020340000

-1.819563000
-1.426281000
-3.056311000
-5.106841000
-5.522210000
-4.718097000

0.971554000
-0.981298000
-0.999717000
-1.799045000

Int2 (with H.O molecule)

1.322429000
1.112427000
2.340221000
3.590021000
3.284970000
2.213040000
0.787230000
1.386779000
0.353462000
-0.928959000
-1.873602000
-1.527035000
-0.266904000
0.660822000
0.860102000
-0.986892000
-1.879948000
-2.092144000
-2.719103000
-3.019587000
-3.421203000
-2.939016000
-4.323412000
-3.829545000
-4.513694000
2.282701000
0.768868000
2.993551000
-0.016461000
7.268300000
6.555316000
7.519502000
7.480682000
5.945274000
8.162815000
7.163089000
7.601749000
7.577641000
5.719417000
4.731703000
5.232867000
7.950777000
8.200598000
9.612192000
10.331326000
7.990911000
6.594036000
6.084637000
5.591346000
4.832074000
4.516889000
6.740423000
5.583560000
6.376062000
4.550371000
-3.672230000
-2.448074000
-2.776202000
-1.915422000
-2.754126000
-2.722372000

-2.987617000
-3.079478000
-2.654619000
-2.463932000
-1.417625000
-1.906425000
-3.776334000
-0.709382000
-0.181601000
-0.752194000
-0.324888000
0.689353000
1.292244000
0.850103000
-1.093293000
-7.037084000
-6.103738000
-4.766842000
-6.447412000
-4.259609000
-5.265972000
-7.631919000
-5.246617000
-7.612414000
-6.429603000
-7.893309000
-7.757837000
-6.547544000
-7.280245000
-5.471679000
-4.702987000
-3.734344000
-2.523373000
-5.649772000
-0.953561000
0.098596000
0.981551000
2.211969000
-0.426239000
0.699797000
-1.239930000
0.327219000
1.062474000
1.652912000
1.712490000
0.210445000
-0.288854000
-0.796116000
-0.434890000
-1.241624000
-1.034009000
4.971153000
4.378883000
6.249987000
3.619297000
2.715959000
1.795806000
0.401919000
1.708446000
9.369889000
8.021643000

1.754141000
0.261183000
-0.579286000
0.285780000
1.361154000
2.335118000
2.514964000
2.992238000
2.002898000
1.966117000
1.044718000
0.146357000
0.159724000
1.101431000
4.195542000
1.802028000
1.052846000
1.303004000
-0.067098000
0.411618000
-0.441448000
-0.792082000
-1.509647000
-1.860587000
-2.214743000
-2.150056000
-1.916083000
-2.342917000
-3.141306000
-1.634985000
-0.606939000
0.036921000
-0.120934000
0.425200000
-2.782265000
-2.541944000
-1.379278000
-1.439626000
-2.314778000
-1.986476000
-3.518448000
-0.238415000
0.985028000
0.965542000
1.939444000
2.234891000
2.369500000
3.554482000
1.456550000
3.380343000
2.093991000
0.688232000
-0.132924000
1.450009000
0.707080000
7.407766000
7.333454000
7.882785000
5.895331000
2.024751000
1.368087000
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-3.479842000
-2.213901000
-3.197044000
-2.428771000
-1.464983000
-1.917958000
-0.970525000
-1.194339000
2.065000000
1.973148000
1.042520000
1.145796000
1.586551000
2.520791000
0.083313000
-0.901071000
-0.230193000
-0.663260000
-2.102564000
-3.473499000
-4.598008000
-3.662304000
2.514224000
2.123943000
1.432490000
1.572193000
1.128119000
-5.690894000
-4.306908000
-3.625275000
-2.237176000
-1.236604000
-0.035493000
-1.375425000
-7.502677000
-7.210716000
-6.988424000
-6.870047000
-5.939998000
-5.370616000
-6.632467000
-6.939714000
-6.894128000
-8.224397000
-8.324704000
-5.720423000
-4.478887000
2.849140000
1.184055000
0.065196000
1.581241000
2.025571000
3.807540000
4.097986000
3.056326000
2.197806000
-1.062285000
-0.035612000
1.642604000
-0.134718000
-0.281941000
-1.552443000
-3.244942000
-2.222798000
-4.701614000
-3.783182000
-4.999084000
2.960581000
0.763380000
0.615794000
4.236645000
2.944836000
2.770792000
0.460536000
-0.889731000
0.362169000
8.218953000

7.617910000
6.824402000
6.288553000
5.771425000
6.549792000
4.481654000
5.264188000
4.240809000
7.262896000
5.840204000
4.961500000
3.725692000
5.732791000
6.430241000
5.586815000
4.817698000
4.127955000
3.130070000
5.692879000
4.990655000
6.022116000
3.835380000
2.321842000
0.909370000
0.612762000
-0.416424000
0.615674000
-2.417454000
-3.037213000
-3.249375000
-3.693833000
-2.914116000
-3.442383000
-1.596747000
2.073441000
1.968458000
0.517090000
0.208729000
2.835047000
3.026801000
3.106545000
-0.368287000
-1.803285000
-2.415458000
-3.445016000
-2.437538000
-2.072869000
-2.296270000
-4.288121000
-2.956135000
-1.382880000
-2.840460000
-3.268427000
-1.812394000
-0.407497000
0.067829000
-1.660030000
2.098295000
1.351874000
-7.517466000
-6.454708000
-4.117794000
-3.331900000
-8.573824000
-4.432165000
-8.601015000
-6.540775000
-8.277837000
-7.020518000
-8.734818000
-6.624644000
-5.793404000
-6.125083000
-6.507851000
-7.446627000
-8.239299000
-5.916939000

0.077176000
1.766178000
-0.192870000
0.828257000
2.924779000
1.014683000
3.123753000
2.178398000
-1.104244000
-0.791326000
-1.611040000
-1.574585000
0.696299000
1.500618000
-2.322950000
-3.053010000
-4.243361000
-4.777797000
-3.484552000
-3.386848000
-3.548328000
-4.376112000
-4.287213000
-4.309941000
-5.629574000
-6.264165000
-3.173538000
4.869554000
4.691349000
6.047675000
5.937814000
5.499821000
5.212662000
5.367429000
0.728819000
-0.714842000
-1.148824000
-2.336469000
-0.947951000
0.465497000
1.323524000
-0.126117000
-0.310606000
0.116701000
0.748500000
0.424475000
-0.167147000
3.255785000
0.174994000
0.328930000
-0.646564000
-1.506985000
0.294454000
-0.655817000
1.020227000
3.100336000
2.597477000
-0.493066000
1.159406000
1.378079000
2.783025000
2.238633000
0.491118000
-0.285781000
-1.652143000
-2.216504000
-2.890768000
-0.935658000
-0.877559000
-1.216896000
-2.282716000
-1.402075000
-3.129931000
-3.337367000
-2.701881000
-3.675082000
-0.586160000
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-3.332846000
-2.061702000
-3.081604000
-2.311162000
-1.303205000
-1.825600000
-0.833461000
-1.091894000
2.164714000
2.063277000
1.099728000
1.178780000
1.716037000
2.681568000
0.141040000
-0.866968000
-0.225550000
-0.685515000
-2.060905000
-3.441243000
-4.551253000
-3.667181000
2.500272000
2.055377000
1.320685000
1.420682000
1.082924000
-5.682149000
-4.357299000
-3.686539000
-2.323602000
-1.288160000
-0.108414000
-1.370973000
-7.475989000
-7.197242000
-7.004148000
-6.894706000
-5.912749000
-5.325501000
-6.577176000
-6.969782000
-6.954346000
-8.297603000
-8.419840000
-5.795022000
-4.545182000
2.688962000
0.801315000
0.250897000
2.130220000
2.540915000
3.877279000
4.430644000
2.953303000
2.140123000
-1.181610000
-0.019972000
1.632280000
-0.281425000
-0.402714000
-1.625937000
-3.341884000
-2.414305000
-4.849767000
-4.002516000
-5.196806000
2.732178000
0.593910000
0.368470000
4.074596000
2.831471000
2.622774000
0.297296000
-1.086979000
0.126864000
8.016234000

7.674794000
6.826781000
6.344527000
5.794441000
6.517713000
4.491412000
5.218904000
4.216126000
7.239347000
5.808977000
4.966556000
3.728477000
5.658902000
6.316583000
5.626369000
4.893097000
4.222782000
3.248351000
5.797348000
5.115453000
6.168117000
3.984723000
2.346830000
0.949830000
0.693566000
-0.325459000
0.686215000
-2.403233000
-3.148448000
-3.330251000
-3.850682000
-3.132749000
-3.740009000
-1.822099000
2.207295000
2.127020000
0.680968000
0.396111000
2.974559000
3.120708000
3.206509000
-0.226732000
-1.658266000
-2.251425000
-3.290358000
-2.332194000
-1.971125000
-2.401882000
-4.104075000
-2.444357000
-1.721555000
-3.408512000
-3.404828000
-2.146935000
-0.502657000
0.091893000
-1.536408000
2.088254000
1.333687000
-7.544681000
-6.499429000
-4.132968000
-3.299254000
-8.545102000
-4.345995000
-8.518668000
-6.431074000
-8.411965000
-7.065948000
-8.727640000
-6.674133000
-5.897815000
-6.015761000
-6.284161000
-7.231793000
-7.964339000
-6.026305000

0.188070000
1.846349000
-0.107710000
0.894229000
2.989813000
1.052787000
3.161052000
2.202550000
-1.079308000
-0.807724000
-1.627585000
-1.619626000
0.686084000
1.486754000
-2.308708000
-3.042995000
-4.260323000
-4.815138000
-3.433388000
-3.324352000
-3.443126000
-4.333974000
-4.404700000
-4.427764000
-5.731978000
-6.390177000
-3.263897000
4.806824000
4.668827000
6.035541000
5.945023000
5.483828000
5.246660000
5.294385000
0.785997000
-0.661908000
-1.128056000
-2.322257000
-0.887709000
0.523946000
1.396345000
-0.124200000
-0.338847000
0.073995000
0.686289000
0.383522000
-0.191594000
3.179946000
0.049108000
0.026199000
-1.111871000
-1.343401000
0.769693000
-0.333541000
0.861784000
3.115414000
2.668068000
-0.534554000
1.141326000
1.132786000
2.554615000
2.042371000
0.349439000
-0.525588000
-1.792926000
-2.433453000
-3.058044000
-1.293762000
-1.080032000
-1.594427000
-2.465871000
-1.473346000
-3.225464000
-3.466232000
-2.922242000
-3.986015000
-1.222843000
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8.101234000
5.996516000
8.192154000
5.348045000
5.181566000
6.572792000
7.938580000
8.153710000
7.233890000
5.806974000
4.708197000
5.098605000
3.787289000
5.921947000
5.268868000
4.262959000
8.129611000
7.446130000
9.834377000
8.009456000
8.799714000
7.187585000
5.225195000
4.902969000
7.034673000
5.935186000
5.008492000
5.924859000
7.071427000
5.398692000
3.686451000
3.968903000
4.937689000
-3.543870000
-4.561517000
-1.863507000
-3.702034000
-3.421174000
-2.091496000
-0.993873000
-1.641089000
-2.584652000
-3.560849000
-3.411847000
-4.085619000
-3.576288000
-1.280912000
-2.081572000
-0.392980000
-0.785176000
2.419395000
1.181939000
2.969285000
0.569744000
1.576036000
2.760104000
0.079543000
-1.255465000
0.699773000
-1.957726000
-2.120081000
-3.540842000
-4.573393000
-4.513487000
-5.577756000
-3.580071000
-4.656512000
-2.916219000
3.466329000
2.442336000
2.972299000
0.755638000
0.217467000
1.582302000
0.859663000
-5.623451000
-6.195309000

-4.800379000
-4.011530000
-3.993089000
-6.219326000
-4.901989000
-5.994546000
-1.671728000
-1.215511000
0.829033000
-0.889020000
1.509140000
1.536929000
0.507153000
-2.047623000
-0.616817000
-1.530277000
-0.494110000
2.080776000
2.434158000
0.996874000
-0.335708000
-2.033616000
0.625968000
-3.018394000
4.405243000
3.762021000
5.252206000
7.183958000
6.824970000
6.249861000
3.296644000
4.461908000
2.979921000
3.829999000
2.434759000
2.320275000
0.042635000
0.527250000
-0.161870000
1.241739000
2.844536000
1.405195000
10.039548000
9.312336000
8.197787000
5.759265000
7.330200000
3.704736000
5.043312000
3.250597000
7.443646000
7.751335000
5.407730000
6.131196000
4.687149000
7.215384000
6.594512000
4.018293000
4.615538000
6.079503000
6.565365000
4.545065000
6.461022000
6.845728000
5.553847000
4.193654000
3.394315000
3.053795000
2.446459000
2.705345000
0.218438000
1.424826000
1.208573000
0.884441000
-0.441441000
-1.430441000
-2.295163000

-1.784786000
-0.954576000
1.220886000
0.071198000
1.248356000
1.335213000
-1.916325000
-3.463168000
-3.225034000
-1.168589000
-2.745353000
-1.032636000
-1.625526000
-3.357652000
-4.173000000
-3.041397000
-0.010124000
1.173209000
0.298415000
3.318961000
2.504249000
3.636504000
1.030736000
3.153990000
1.521670000
-0.703598000
-0.603464000
0.806603000
2.107091000
2.205608000
0.257667000
1.554323000
1.474461000
7.009440000
6.620206000
8.072727000
7.169085000
8.842166000
7.899683000
6.007327000
5.625767000
5.235180000
1.283611000
2.890237000
-0.604677000
-0.960452000
3.657546000
0.276436000
4.016401000
2.353846000
-2.037355000
-0.979718000
-0.911911000
0.829108000
1.006500000
0.979313000
-2.375040000
-2.395664000
-4.598804000
-4.501041000
-2.821499000
-2.382461000
-4.552021000
-2.830469000
-3.413078000
-5.408961000
-4.250443000
-4.233023000
-4.614474000
-3.348759000
-4.221575000
-5.964381000
-3.289409000
-2.215451000
-3.156456000
5.339969000
3.906528000
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7.688516000
5.773639000
8.335417000
5.264226000
5.391459000
6.725536000
7.946615000
8.104609000
7.159414000
5.784693000
4.628514000
5.037039000
3.739449000
5.891565000
5.187413000
4.229345000
8.057922000
7.517998000
9.929447000
8.269744000
8.680441000
6.570301000
5.561050000
4.196277000
7.103359000
5.996725000
5.089704000
6.115474000
7.209505000
5.510044000
3.739253000
4.100014000
5.016527000
-3.435582000
-4.488807000
-1.656481000
-3.579557000
-3.122185000
-1.902372000
-1.007887000
-1.677260000
-2.667013000
-3.346908000
-3.191146000
-3.935073000
-3.481627000
-1.092811000
-2.015257000
-0.249089000
-0.701537000
2.501364000
1.290584000
3.050359000
0.708871000
1.699110000
2.916034000
0.156766000
-1.224417000
0.709385000
-1.928759000
-2.051175000
-3.497380000
-4.538419000
-4.439144000
-5.535999000
-3.599175000
-4.665597000
-2.930873000
3.448864000
2.465457000
2.879727000
0.654629000
0.185353000
1.570465000
0.787517000
-5.527034000
-6.183373000

-4.857657000
-4.116867000
-4.198225000
-6.342422000
-5.099719000
-6.233803000
-1.769466000
-1.258850000
0.764354000
-1.112441000
1.388125000
1.297343000
0.288373000
-2.087248000
-0.615189000
-1.636527000
-0.681285000
1.923459000
2.029511000
0.810929000
-0.643065000
-0.818454000
-0.184874000
-1.637124000
4.212511000
3.702706000
5.195655000
7.052667000
6.601606000
6.098171000
3.233200000
4.263366000
2.762863000
3.722024000
2.322204000
2.228536000
-0.061619000
0.450217000
-0.258077000
1.097200000
2.699338000
1.261074000
10.076690000
9.317768000
8.278529000
5.836119000
7.282005000
3.731053000
4.971067000
3.215034000
7.444855000
7.733740000
5.368851000
6.066544000
4.603778000
7.116554000
6.634889000
4.082726000
4.701500000
6.202556000
6.655956000
4.649884000
6.626953000
6.975401000
5.713368000
4.363908000
3.556310000
3.188871000
2.437116000
2.723792000
0.227315000
1.526939000
1.302560000
0.946948000
-0.363204000
-1.394856000
-2.307185000

-2.328381000
-1.100633000
0.628875000
-0.075009000
1.191437000
0.925451000
-2.213596000
-3.748942000
-3.410576000
-1.460621000
-2.830976000
-1.123676000
-1.777428000
-3.727081000
-4.418029000
-3.334487000
-0.231081000
0.992929000
-0.025363000
3.104478000
2.217875000
4.442084000
0.414938000
4.175805000
1.396472000
-0.884456000
-0.676897000
0.750250000
2.067054000
2.102172000
0.078485000
1.466724000
1.211136000
7.045696000
6.789884000
7.960912000
7.293934000
8.920491000
7.850315000
5.839895000
5.493245000
5.230924000
1.437901000
3.029115000
-0.475966000
-0.878795000
3.732411000
0.303662000
4.042094000
2.356598000
-2.013842000
-0.920309000
-0.968514000
0.859161000
0.962228000
0.986370000
-2.337927000
-2.400630000
-4.615317000
-4.444303000
-2.752390000
-2.328261000
-4.438081000
-2.710644000
-3.298341000
-5.360347000
-4.198297000
-4.222400000
-4.752920000
-3.461620000
-4.368472000
-6.033725000
-3.356341000
-2.320061000
-3.235239000
5.206003000
3.839330000
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0000000000000 0

-3.684729000
-4.375455000
-3.659502000
-4.154863000
-2.049724000

0.002291000

0.589180000
-0.590512000
-2.214533000
-8.485309000
-8.034766000
-5.236701000
-6.233545000
-4.742923000
-4.776634000
-6.449739000
-7.073567000
-7.120046000
-6.798093000
-9.113208000
-5.794994000
-5.748836000
-4.414107000
-4.287564000
-6.329781000
-1.965419000

7.471835000

2.709760000
-1.416248000
-5.524960000
-4.443556000
-5.007166000
-5.330618000
-3.283638000
-2.088370000
-1.045534000
-2.029082000
0.031790000
-0.970027000
0.067077000
-5.920166000
-6.279351000
-5.185553000
-3.646850000
-1.067202000
-2.820058000
-0.963012000
0.897859000
0.844291000
-4.094366000
-3.016974000
-2.766666000
-2.501067000
-3.612237000
-2.232582000

-2.387627000
-3.999495000
-2.333127000
-4.008419000
-4.682295000
-4.404319000
-2.783470000
-1.103786000
-1.122984000

2.258057000

2.330649000

2.360983000

3.800515000

3.914950000

2.154434000

2.891821000

4.112325000

0.058001000
-1.970425000
-1.828479000
-3.523868000
-2.153414000
-1.106780000

2.884291000
-3.045350000

9.798148000

5.351066000
-8.603827000
-7.798486000
-0.712358000
-1.661070000
-2.767569000
-3.870830000
-0.923740000
-1.820310000
-1.863024000
-2.675867000
-2.734987000
-3.571605000
-3.598489000
-0.335900000
-1.195084000
-2.466540000
-0.517196000
-1.198799000
-2.644160000
-4.249455000
-4.285655000
-2.719940000
-2.108819000
-0.070155000
-0.910252000

1.081725000

0.526672000

2.010927000

4.065066000
4.171665000
6.647765000
6.627152000
6.004422000
4.912133000
4.712400000
4.878943000
5.651114000
0.897929000
-1.339848000
-1.633517000
-1.371178000
0.560876000
0.754739000
2.381090000
1.253350000
0.783673000
-1.391110000
-0.194845000
0.365646000
1.484875000
-0.257848000
8.310840000
5.499812000
2.010640000
0.112624000
-2.643954000
2.551619000
-4.832272000
-4.529740000
-3.666072000
-4.066847000
-3.838265000
-3.614639000
-4.548588000
-2.504996000
-4.381686000
-2.348234000
-3.284275000
-3.969181000
-5.315684000
-2.612993000
-2.888091000
-5.407602000
-1.764485000
-1.501211000
-3.157201000
-5.100862000
-5.466579000
-4.468791000
0.966869000
-0.796082000
-0.796047000
-1.558838000

TS3 (with H,O molecule)

1.252542000
1.608465000
2.539776000
3.731760000
3.279821000
2.122089000
0.242707000
1.422211000
0.363038000
-0.946554000
-1.880732000
-1.504519000
-0.221339000
0.700859000

-3.120875000
-3.929824000
-3.189160000
-2.672100000
-1.619299000
-2.066954000
-3.455439000
-0.861254000
-0.239210000
-0.747111000
-0.239201000

0.797440000

1.350032000

0.823015000

1.589714000
0.358214000
-0.595513000
0.199306000
1.215709000
2.094786000
2.229910000
2.801532000
1.917785000
1.879912000
0.990748000
0.132404000
0.158943000
1.061082000
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0000000000000 0

-3.686750000
-4.509999000
-3.669399000
-4.253154000
-2.194690000
-0.126997000

0.538413000
-0.553626000
-2.207864000
-8.452601000
-8.019632000
-5.226671000
-6.191668000
-4.678006000
-4.747416000
-6.388868000
-6.996846000
-7.139707000
-6.860515000
-9.173767000
-5.886556000
-5.823812000
-4.469106000
-4.043193000
-6.366130000
-1.747062000

7.583079000

2.458830000
-1.556332000
-5.651477000
-4.567117000
-5.122685000
-5.487270000
-3.395241000
-2.205410000
-1.163930000
-2.145036000
-0.081546000
-1.080490000
-0.038271000
-6.027339000
-6.416421000
-5.257406000
-3.747635000
-1.187519000
-2.937910000
-1.074404000

0.800715000

0.731403000
-4.236134000
-3.124018000
-2.854137000
-2.516300000
-3.636650000
-2.220418000

2.869398000

2.054267000

2.987336000

1.439554000
1.799472000
2.364144000
3.547286000
3.146061000
2.003786000
0.550408000
1.479761000
0.378521000
-0.918449000
-1.877872000
-1.537223000
-0.269585000
0.678833000

-2.596181000
-4.132795000
-2.385734000
-4.030787000
-4.847221000
-4.730461000
-3.213514000
-1.342271000
-1.319383000

2.411726000

2.516811000

2.503799000

3.955700000

3.992941000

2.229483000

2.962312000

4.222926000

0.184203000
-1.804313000
-1.641139000
-3.415243000
-2.077115000
-1.004914000

2.803915000
-2.928516000

9.789082000

5.181973000
-8.532539000
-7.823309000
-0.527583000
-1.479057000
-2.581091000
-3.671007000
-0.741112000
-1.641441000
-1.711417000
-2.466481000
-2.571497000
-3.349753000
-3.395177000
-0.147952000
-1.009995000
-2.290160000
-0.312094000
-1.074137000
-2.420149000
-4.001092000
-4.066550000
-2.573558000
-1.930420000

0.097352000
-0.776976000

1.146300000

0.611408000

2.057012000
-2.065615000
-1.627327000
-1.658770000

Int3

-2.904352000
-4.088668000
-3.643841000
-2.708017000
-1.473774000
-1.677864000
-3.122654000
-0.416079000

0.119402000
-0.422136000
-0.049040000

0.890064000

1.473818000

1.080958000

4.000463000
4.212588000
6.590833000
6.652268000
6.028694000
5.054833000
4.662687000
4.823209000
5.533592000
0.966650000
-1.272238000
-1.592860000
-1.283903000
0.633713000
0.786800000
2.446512000
1.354904000
0.794674000
-1.422526000
-0.228422000
0.294408000
1.451160000
-0.268826000
8.434439000
5.482042000
2.137847000
0.018266000
-3.025337000
2.313716000
-4.879729000
-4.593651000
-3.719503000
-4.122027000
-3.924975000
-3.687017000
-4.620653000
-2.554681000
-4.425248000
-2.368505000
-3.297947000
-4.009453000
-5.346549000
-2.657191000
-2.980425000
-5.499745000
-1.817026000
-1.501533000
-3.144219000
-5.144070000
-5.535362000
-4.573488000
1.015240000
-0.814363000
-0.818580000
-1.588414000
5.514367000
5.109174000
6.381931000

2.375676000
1.499267000
0.149873000
0.372496000
1.209916000
2.146655000
3.311295000
2.819207000
1.918489000
1.964231000
1.038025000
0.056244000
0.001408000
0.940713000
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0.889512000
-1.164811000
-2.104387000
-2.189716000
-3.095638000
-3.168079000
-3.742503000
-3.484501000
-4.753743000
-4.491738000
-5.116671000

2.113371000

0.761413000

3.061872000
-0.092001000

7.166589000

6.449153000

7.389245000

7.296047000

5.956588000

8.142516000

7.185743000

7.661406000

7.715630000

5.721432000

4.782781000

5.200095000

7.951593000

8.217974000

9.660612000
10.382182000

7.944206000

6.553778000

6.131916000

5.495850000

4.883934000

4.476307000

6.852543000

5.692500000

6.512556000

4.623387000
-3.928296000
-2.460524000
-2.342408000
-1.777823000
-2.545352000
-2.542702000
-3.149206000
-1.919725000
-2.929827000
-2.185604000
-1.183797000
-1.735257000
-0.751083000
-1.023066000

2.347302000

2.208288000

1.238851000

1.297924000

1.829886000

2.793601000

0.294486000
-0.725154000
-0.091636000
-0.574411000
-1.894265000
-3.292011000
-4.373922000
-3.538072000

2.593167000

2.113703000

1.403309000

1.556961000

1.112314000
-5.772554000
-4.613434000
-3.862381000

-1.207904000
-7.029533000
-6.163638000
-4.788057000
-6.621100000
-4.363348000
-5.463823000
-7.891014000
-5.550172000
-7.981249000
-6.822352000
-7.806047000
-7.529090000
-6.602020000
-6.472246000
-5.401940000
-4.784069000
-3.821635000
-2.605389000
-5.864763000
-1.008188000
0.074227000
0.897598000
2.129007000
-0.390979000
0.779896000
-1.198492000
0.191274000
0.873015000
1.381779000
1.332397000
0.002148000
-0.530036000
-1.374156000
-0.443119000
-1.803506000
-1.240543000
4.825744000
4.280886000
6.081810000
3.541146000
1.979867000
1.611766000
0.199279000
2.639149000
9.394736000
8.073866000
7.793103000
6.842444000
6.470273000
5.858055000
6.464659000
4.537225000
5.147499000
4.193853000
7.271292000
5.833815000
5.049585000
3.811604000
5.633997000
6.240706000
5.757574000
5.077557000
4.445337000
3.511229000
6.025965000
5.374808000
6.460215000
4.298868000
2.508011000
1.123049000
0.933747000
-0.023250000
0.857225000
-2.407193000
-3.369029000
-3.682432000

4.077652000
1.540979000
0.755769000
0.769527000
-0.185325000
-0.112024000
-0.712778000
-0.646734000
-1.676755000
-1.600781000
-2.109199000
-2.421114000
-1.745604000
-2.405624000
-2.451903000
-1.845486000
-0.721098000
-0.036023000
-0.107784000
0.238747000
-2.737695000
-2.459894000
-1.266730000
-1.292230000
-2.233875000
-1.919009000
-3.426476000
-0.141315000
1.109510000
1.126940000
2.099722000
2.332385000
2.386478000
3.402817000
1.528351000
3.172921000
2.028373000
0.955508000
0.108245000
1.764832000
0.920321000
7.651071000
7.405927000
6.812917000
6.492383000
2.399884000
1.689072000
0.489623000
2.123609000
0.140480000
1.126260000
3.261330000
1.233849000
3.382703000
2.378789000
-0.750406000
-0.538336000
-1.407242000
-1.460963000
0.942223000
1.784292000
-2.058927000
-2.828305000
-4.069813000
-4.672512000
-3.188431000
-3.121908000
-3.200943000
-4.185274000
-4.278572000
-4.348153000
-5.677272000
-6.412901000
-3.211808000
4.695402000
4.451717000
5.752021000
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1.061048000
-1.081165000
-1.890062000
-1.964976000
-2.785429000
-2.858960000
-3.375318000
-3.132024000
-4.293173000
-4.039086000
-4.613909000

2.267307000

0.897515000

3.180001000

0.004253000

7.509536000

6.549687000

7.331894000

7.381910000

5.762886000

8.208880000

7.274467000

7.723077000

7.765928000

5.790809000

4.865425000

5.309044000

8.001913000

8.243245000

9.706576000
10.387848000

7.860527000

6.435988000

5.858287000

5.471614000

4.606866000

4.357937000

6.848861000

5.712970000

6.485964000

4.629714000
-3.981067000
-2.539702000
-2.513316000
-1.770361000
-2.607587000
-2.601564000
-3.181937000
-2.001869000
-2.966067000
-2.254315000
-1.298884000
-1.823123000
-0.886620000
-1.146128000

2.334322000

2.221351000

1.299477000

1.402814000

1.793578000

2.712100000

0.341521000
-0.668922000
-0.016756000
-0.483528000
-1.807528000
-3.218596000
-4.273545000
-3.439848000

2.658687000

2.225890000

1.535841000

1.669004000

1.211366000
-5.776083000
-4.866609000
-4.177948000

-0.635653000
-7.116798000
-6.049964000
-4.705363000
-6.271735000
-4.083244000
-5.017366000
-7.405432000
-4.875250000
-7.265173000
-6.010640000
-7.884701000
-7.383721000
-6.769322000
-6.813706000
-5.518805000
-4.818652000
-3.861259000
-2.654298000
-5.836368000
-1.079375000
0.038130000
0.874546000
2.105620000
-0.393520000
0.797660000
-1.185162000
0.175907000
0.860572000
1.294305000
1.196823000
0.016571000
-0.425845000
-1.065856000
-0.422262000
-1.446149000
-1.063777000
4.799689000
4.254633000
6.056462000
3.501445000
1.994978000
1.537323000
0.161034000
2.570270000
9.297775000
7.988050000
7.727109000
6.746183000
6.406079000
5.775611000
6.349485000
4.448866000
5.025669000
4.084898000
7.207289000
5.763548000
4.974736000
3.741184000
5.528879000
6.141879000
5.666380000
4.973420000
4.307150000
3.347942000
5.938143000
5.313879000
6.422721000
4.254413000
2.434104000
1.035871000
0.797116000
-0.207176000
0.732249000
-2.518856000
-3.703876000
-4.223646000

4.163707000
1.585753000
0.920578000
1.221168000
-0.185299000
0.366770000
-0.504720000
-0.942486000
-1.549874000
-1.986523000
-2.284562000
-2.318190000
-1.830762000
-2.839984000
-2.936666000
-1.431813000
-0.564570000
0.304198000
0.120227000
0.257582000
-2.521868000
-2.312658000
-1.118622000
-1.151181000
-2.148527000
-1.873605000
-3.368899000
0.015344000
1.269358000
1.350291000
2.348043000
2.484231000
2.480083000
3.566411000
1.509607000
3.268397000
2.015468000
1.078665000
0.199435000
1.876880000
0.979995000
7.645064000
7.393628000
6.709364000
6.558412000
2.352661000
1.622940000
0.406231000
2.058647000
0.046592000
1.044863000
3.210444000
1.151654000
3.330583000
2.311569000
-0.675809000
-0.493627000
-1.408412000
-1.499533000
0.968957000
1.855743000
-2.054532000
-2.826811000
-4.039371000
-4.614521000
-3.239575000
-3.239173000
-3.354375000
-4.324280000
-4.215658000
-4.283789000
-5.615842000
-6.289771000
-3.167565000
4.645499000
4.329317000
5.602013000
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-2.627014000
-1.540834000
-0.532512000
-1.421705000
-7.425901000
-7.136850000
-6.964545000
-6.844624000
-5.834999000
-5.245918000
-6.496477000
-6.959584000
-6.985087000
-8.346035000
-8.500993000
-5.847261000
-4.578001000
2.494295000
2.091526000
0.668366000
2.014458000
2.875628000
4.199116000
4.493927000
3.022036000
2.206582000
-1.227666000
0.050586000
1.695705000
-0.667424000
-0.385782000
-1.592731000
-3.459040000
-3.002654000
-5.214141000
-4.801152000
-5.892844000
2.598570000
0.942100000
0.192947000
4.045285000
3.211586000
2.665079000
0.396429000
-1.059672000
-0.275398000
7.975955000
7.498497000
5.612345000
8.245475000
5.333028000
5.372240000
6.800918000
7.920901000
8.035150000
7.209096000
5.755813000
4.696167000
5.125001000
3.777238000
5.816003000
5.187381000
4.177388000
7.954578000
7.586837000
9.999534000
8.169177000
8.644202000
6.674618000
5.391763000
4.290189000
7.199868000
6.101562000
5.231826000
6.257324000
7.357106000
5.651248000

-4.434888000
-3.900764000
-4.694609000
-2.583784000

2.397504000

2.370873000

0.940375000

0.702493000

3.201095000

3.255328000

3.334250000
-0.007520000
-1.428991000
-1.998880000
-3.059118000
-2.172576000
-1.816558000
-2.712374000
-4.852342000
-4.241971000
-2.353526000
-3.852585000
-3.499702000
-2.242646000
-0.702597000
-0.108882000
-1.561060000

2.167964000

1.256275000
-7.763659000
-6.425369000
-4.081712000
-3.400232000
-8.786579000
-4.666364000
-8.955842000
-6.923206000
-8.649651000
-7.214943000
-8.465887000
-6.853521000
-6.243765000
-5.767251000
-5.494490000
-6.354592000
-6.749422000
-5.927356000
-4.699491000
-4.212650000
-4.290592000
-6.576506000
-5.436254000
-6.410107000
-1.818280000
-1.310069000

0.766444000
-1.063027000

1.455206000

1.384205000

0.414066000
-2.081491000
-0.588709000
-1.541724000
-0.823180000

1.772699000

1.804000000

0.592610000
-0.842464000
-1.624329000

0.083114000
-2.461544000

4.035145000

3.605194000

5.118303000

6.912735000

6.398568000

5.919645000

5.519752000
4.944360000
4.531716000
4.804341000
0.848006000
-0.600059000
-1.122218000
-2.325437000
-0.781577000
0.635448000
1.510283000
-0.154518000
-0.426246000
-0.040510000
0.526268000
0.269753000
-0.264959000
3.166938000
0.710940000
-0.104292000
-1.073519000
-1.396323000
0.744271000
-0.451123000
0.673126000
2.952160000
2.529615000
-0.499152000
1.101088000
0.897989000
2.015923000
1.327044000
-0.247153000
-0.263835000
-2.105979000
-1.966915000
-2.862149000
-1.914282000
-0.708611000
-1.685353000
-2.815931000
-1.380080000
-2.992496000
-2.455162000
-1.957515000
-3.496646000
-1.520440000
-2.501836000
-1.130190000
0.491444000
-0.306357000
1.057989000
0.674718000
-2.163045000
-3.701572000
-3.307281000
-1.368913000
-2.775815000
-1.074770000
-1.688309000
-3.618061000
-4.337353000
-3.239483000
-0.148163000
1.132065000
0.162145000
3.225232000
2.343388000
4.219264000
0.598351000
3.810548000
1.636292000
-0.646983000
-0.433687000
1.096726000
2.385478000
2.420713000

122

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIOOOONOONOZOOOOOOZZZOZ

-2.969935000
-1.843240000
-0.794717000
-1.712285000
-7.457405000
-7.094245000
-6.876672000
-6.645914000
-5.798468000
-5.260681000
-6.542427000
-6.966580000
-6.914921000
-8.280002000
-8.441865000
-5.818119000
-4.521249000
2.515812000
0.885460000
1.583963000
2.682071000
4.328415000
3.985165000
2.970727000
2.271411000
-1.164309000
-0.023105000
1.665970000
-0.640692000
-0.252795000
-1.428845000
-3.156315000
-2.691972000
-4.735574000
-4.310889000
-5.315976000
2.771956000
1.048645000
0.369702000
4.161596000
3.341503000
2.750850000
0.458517000
-0.962506000
-0.183339000
8.160772000
8.057743000
5.880825000
7.949668000
5.263395000
5.008357000
6.431134000
7.909882000
8.166511000
7.350714000
5.767625000
4.837736000
5.178625000
3.841939000
5.921210000
5.343266000
4.275184000
8.032438000
7.656409000
10.103148000
8.080427000
8.504814000
6.299568000
5.491190000
3.915393000
7.176570000
6.143580000
5.260563000
6.252913000
7.310914000
5.604429000
3.842870000

-5.004492000
-4.452469000
-5.203452000
-3.125111000
2.236337000
2.225250000
0.799742000
0.567965000
3.073648000
3.084224000
3.141562000
-0.148366000
-1.572259000
-2.190028000
-3.241473000
-2.237334000
-1.821619000
-4.736739000
-4.673922000
-3.131126000
-4.507885000
-3.248745000
-2.384604000
-0.614828000
0.338858000
-1.159217000
2.215250000
1.532239000
-7.793751000
-6.698233000
-4.130681000
-3.113533000
-8.373097000
-3.920249000
-8.130641000
-5.919908000
-8.401884000
-6.620606000
-8.212853000
-7.157904000
-6.005266000
-6.268225000
-5.945396000
-6.498907000
-7.566794000
-6.073922000
-4.862393000
-4.228634000
-4.333941000
-6.536997000
-5.351788000
-6.405639000
-1.879857000
-1.375531000
0.710181000
-1.075936000
1.476437000
1.391416000
0.455270000
-2.074416000
-0.567760000
-1.516400000
-0.837326000
1.789070000
1.708202000
0.596636000
-0.870411000
-1.209162000
-0.044158000
-1.960208000
4.009645000
3.586905000
5.093418000
6.887597000
6.372288000
5.895291000
3.139196000

5.329353000
4.869055000
4.503819000
4.796116000
0.740150000
-0.691713000
-1.220723000
-2.409331000
-0.802921000
0.635107000
1.466193000
-0.259046000
-0.498573000
-0.215541000
0.365751000
0.331674000
-0.080132000
2.024488000
1.361026000
-0.423246000
-0.442390000
0.915620000
-0.575479000
0.551543000
2.860432000
2.716479000
-0.748297000
0.907261000
0.846193000
2.164638000
1.963124000
0.387223000
-0.718261000
-1.789739000
-2.583477000
-3.107647000
-1.492077000
-1.053817000
-1.342351000
-3.130637000
-2.069812000
-3.713343000
-3.422143000
-2.534118000
-3.711059000
-0.879705000
-1.982294000
-1.199626000
1.095788000
-0.415654000
0.882559000
0.913179000
-1.968015000
-3.492271000
-3.172899000
-1.288449000
-2.731232000
-1.011438000
-1.694103000
-3.541494000
-4.273972000
-3.228169000
0.006479000
1.246303000
0.403184000
3.384833000
2.527893000
4.465693000
0.507286000
3.914736000
1.769793000
-0.550662000
-0.347473000
1.201026000
2.523775000
2.505937000
0.308104000
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3.817882000

4.171513000

5.057413000
-4.018275000
-4.487033000
-1.939535000
-2.854835000
-2.799548000
-1.293802000
-0.721294000
-1.831271000
-2.261208000
-3.113273000
-2.993658000
-3.727932000
-3.338541000
-0.962797000
-1.934217000
-0.187602000
-0.660017000

2.703413000

1.481777000

3.187469000

0.828350000

1.786074000

3.055487000

0.325972000
-1.105803000

0.859235000
-1.742571000
-1.870596000
-3.369196000
-4.341112000
-4.247723000
-5.371052000
-3.449028000
-4.549477000
-2.825324000

3.545604000

2.561421000

2.918360000

0.708957000

0.241672000

1.593326000

0.778046000
-5.412429000
-6.325237000
-3.918758000
-4.974691000
-3.622921000
-4.478908000
-2.705816000
-0.728880000

0.012379000
-0.561310000
-2.113393000
-8.395990000
-7.947643000
-5.159828000
-6.092318000
-4.571892000
-4.696277000
-6.318041000
-6.883793000
-7.136544000
-6.891725000
-9.202922000
-5.967393000
-5.884526000
-4.489840000
-4.413463000
-6.480265000
-1.528763000

7.701351000

1.942947000
-1.682593000
-5.713634000

3.177527000
4.192017000
2.672770000
2.975141000
1.986812000
1.614783000
0.156976000
-0.548082000
-0.077941000
2.394013000
3.647160000
2.668011000
10.140388000
9.313801000
8.439933000
6.005084000
7.190642000
3.815048000
4.846001000
3.177081000
7.505174000
7.779085000
5.376949000
6.056200000
4.569715000
7.052261000
6.765934000
4.250180000
4.913075000
6.472263000
6.853178000
4.864478000
6.962845000
7.231066000
6.024879000
4.723376000
3.893221000
3.478429000
2.585645000
2.855157000
0.378087000
1.762039000
1.511326000
1.067162000
-0.179985000
-1.444441000
-2.218477000
-2.936281000
-4.308260000
-2.766978000
-4.284766000
-5.440396000
-5.681992000
-4.306086000
-2.147805000
-1.966026000
2.629051000
2.799025000
2.754799000
4.208851000
4.099811000
2.333754000
3.029775000
4.364067000
0.371597000
-1.535350000
-1.349914000
-3.246352000
-1.978264000
-0.849784000
1.262341000
-2.811529000
9.781892000
5.045311000
-8.125688000
-7.596192000
-0.266499000

0.271534000
1.672983000
1.432115000
8.098774000
6.706986000
8.373284000
5.841580000
7.471671000
6.657471000
6.337211000
6.917029000
5.507939000
1.837003000
3.397354000
-0.154445000
-0.652962000
4.038492000
0.450313000
4.260502000
2.493110000
-1.670976000
-0.586390000
-0.700203000
1.112852000
1.177442000
1.316991000
-2.037613000
-2.222655000
-4.396037000
-4.179116000
-2.469983000
-2.149584000
-4.174059000
-2.432345000
-3.083873000
-5.192119000
-4.078653000
-4.103985000
-4.619335000
-3.323890000
-4.296395000
-5.925408000
-3.298366000
-2.252286000
-3.219463000
5.074441000
3.770553000
3.722831000
4.018445000
6.304251000
6.421957000
5.489398000
4.455263000
3.755918000
4.439171000
5.195179000
1.030534000
-1.199881000
-1.512550000
-1.121878000
0.791473000
0.851030000
2.546352000
1.521905000
0.776841000
-1.514950000
-0.316785000
0.118791000
1.350001000
-0.311631000
8.321542000
5.426983000
2.539092000
0.296110000
-3.457775000
2.326150000
-4.929276000
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4.155567000

5.057457000
-4.007177000
-4.522209000
-2.036163000
-3.007355000
-3.035162000
-1.485056000
-0.731696000
-1.758354000
-2.233988000
-3.153487000
-3.081015000
-3.739076000
-3.371821000
-1.088596000
-2.012823000
-0.350696000
-0.802329000

2.708911000

1.453823000

3.215436000

0.776953000

1.765893000

2.970956000

0.322122000
-1.083273000

0.927940000
-1.601054000
-1.804921000
-3.348902000
-4.188542000
-4.164962000
-5.283405000
-3.292976000
-4.465067000
-2.752906000

3.618684000

2.586230000

3.053112000

0.866186000

0.323111000

1.665641000

0.908536000
-5.201101000
-6.307655000
-4.111210000
-5.434503000
-3.913636000
-4.849367000
-3.024780000
-0.933057000
-0.055841000
-0.905011000
-2.444441000
-8.427128000
-7.882456000
-5.096699000
-6.055093000
-4.590255000
-4.720558000
-6.402565000
-6.923607000
-7.202992000
-6.724922000
-9.134516000
-5.863971000
-5.979874000
-4.491607000
-4.527568000
-6.528446000
-1.590672000

7.716098000

2.117525000
-1.687577000
-5.428863000
-4.426579000

4.142085000
2.630339000
2.963399000
2.103010000
1.440981000
0.212634000
-0.592946000
-0.182670000
2.259550000
3.549811000
2.698244000
10.058331000
9.206730000
8.386880000
5.950085000
7.065734000
3.737099000
4.708111000
3.062286000
7.464813000
7.693586000
5.331260000
5.925383000
4.459864000
6.967977000
6.672737000
4.168354000
4.778885000
6.384315000
6.763873000
4.798138000
6.933139000
7.184223000
6.007135000
4.687013000
3.873677000
3.415473000
2.536290000
2.792224000
0.318425000
1.627661000
1.360383000
0.947672000
-0.315381000
-1.670628000
-2.181277000
-3.404523000
-4.519545000
-3.394847000
-4.866003000
-6.010671000
-6.184663000
-4.700912000
-2.770118000
-2.500231000
2.493884000
2.648653000
2.658615000
4.090819000
3.920852000
2.155025000
2.801064000
4.172768000
0.236602000
-1.718376000
-1.585879000
-3.319087000
-2.014132000
-0.856973000
1.272912000
-2.781962000
9.671646000
5.018975000
-8.635318000
-7.736440000
-0.295637000
-1.281106000

1.727866000
1.491951000
8.155801000
6.696935000
8.365648000
5.729917000
7.309963000
6.548832000
6.399752000
7.048311000
5.572288000
1.787867000
3.337583000
-0.243715000
-0.753964000
3.999507000
0.357001000
4.219922000
2.427060000
-1.582684000
-0.527192000
-0.628272000
1.109939000
1.185016000
1.412831000
-1.984825000
-2.212846000
-4.376200000
-4.220588000
-2.518665000
-2.275485000
-4.320309000
-2.573781000
-3.284256000
-5.321004000
-4.270372000
-4.216980000
-4.527260000
-3.267097000
-4.212849000
-5.919725000
-3.268598000
-2.196528000
-3.191788000
5.033838000
3.751312000
3.594561000
3.869944000
6.269833000
6.173654000
5.360610000
4.322862000
3.990096000
4.282228000
5.082654000
0.871875000
-1.324218000
-1.527059000
-1.115436000
0.840643000
0.843250000
2.496980000
1.499463000
0.657161000
-1.568190000
-0.585294000
0.204209000
1.394737000
-0.191610000
8.261389000
5.396813000
2.522610000
0.443635000
-3.105650000
2.259753000
-5.144940000
-4.688260000
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-4.562658000
-4.999129000
-5.399269000
-3.394481000
-2.167859000
-1.237482000
-1.959854000
-0.130902000
-0.856947000
0.062496000
-6.062516000
-6.472867000
-5.015498000
-3.723913000
-1.372276000
-2.669710000
-0.730244000
0.928048000
0.593722000
-4.266099000
-3.173942000
-2.875182000
-2.482347000
-3.602662000
-2.177401000

2.637180000

1.530657000

2.269481000

1.750895000
2.258852000
2.393213000
3.244331000
2.908299000
2.021940000
1.100721000
1.510442000
0.342206000
-0.910334000
-1.931738000
-1.691124000
-0.473916000
0.536922000
1.173108000
-0.514948000
-1.355245000
-1.605007000
-2.107366000
-2.474962000
-2.802067000
-2.258924000
-3.640360000
-3.083905000
-3.770005000
2.894206000
1.443896000
3.823310000
0.724682000
7.853120000
6.904375000
7.687720000
7.762956000
6.115422000
8.266060000
7.228747000
7.612481000
7.479350000
5.798143000
4.758207000
5.382020000
8.037092000
8.118346000
9.455290000

-1.139476000
-2.206695000
-3.312267000
-0.300414000
-1.139140000
-1.396097000
-1.722512000
-2.213520000
-2.545143000
-2.791472000

0.138762000
-0.819752000
-1.888825000

0.204586000
-0.939269000
-1.538021000
-2.998557000
-3.420254000
-2.369460000
-1.636946000

0.479189000
-0.659189000

1.319242000

0.785162000

2.276736000
-3.036665000
-1.894223000
-3.921082000
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-2.941962000
-4.149877000
-3.868275000
-2.620989000
-1.484851000
-1.659441000
-3.154697000
-0.379456000

0.116251000
-0.512296000
-0.186367000

0.789028000

1.464413000

1.119992000
-0.525875000
-7.187857000
-6.135889000
-4.850053000
-6.315332000
-4.222585000
-5.099829000
-7.383795000
-4.934197000
-7.217130000
-6.002221000
-7.655333000
-7.203758000
-6.530013000
-6.698687000
-4.993876000
-4.254981000
-3.265598000
-2.071252000
-5.230316000
-0.358946000

0.654361000

1.525878000

2.752067000

0.073593000

1.169482000
-0.786960000

0.864111000

1.534995000

2.262204000

-4.652693000
-3.669795000
-3.994176000
-4.106159000
-3.830039000
-4.845992000
-2.572109000
-4.615041000
-2.336203000
-3.358163000
-4.059325000
-5.320952000
-2.609456000
-3.191430000
-5.822331000
-1.774535000
-1.358556000
-3.178371000
-5.406911000
-5.582512000
-4.841522000

0.952636000
-0.804178000
-0.857636000
-1.516433000

4.456039000
4.453091000
4.588532000

2.464866000
1.703274000
0.207543000
-0.055417000
0.890161000
1.970774000
3.547115000
2.629357000
1.794763000
1.885454000
1.008744000
0.033263000
-0.055573000
0.837300000
4.005269000
1.564322000
0.920951000
1.350101000
-0.293729000
0.474077000
-0.537123000
-1.195959000
-1.641989000
-2.302872000
-2.520880000
-2.334707000
-2.095116000
-2.805241000
-3.349159000
-1.399673000
-0.553982000
0.282028000
0.041338000
0.315482000
-2.523503000
-2.275121000
-1.081502000
-1.092916000
-2.072644000
-1.812879000
-3.270718000
0.026580000
1.313584000
1.434263000
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-5.046781000
-5.798398000
-3.155916000
-2.009306000
-1.003866000
-1.917022000

0.066318000
-0.853830000

0.144821000
-5.743011000
-6.252362000
-4.854808000
-3.430340000
-1.043273000
-2.677402000
-0.814239000

0.978976000

0.848518000
-4.211308000
-2.848832000
-2.866065000
-2.526105000
-3.611135000
-2.265835000

0.803974000

2.198134000
2.794383000
2.887516000
3.638046000
3.127651000
2.429788000
1.571129000
1.845480000
0.515994000
-0.608719000
-1.766211000
-1.785262000
-0.695285000
0.451379000
1.758297000
-0.253126000
-1.178004000
-1.491310000
-1.958179000
-2.425929000
-2.732944000
-2.074292000
-3.618274000
-2.943852000
-3.710450000
3.081136000
1.634011000
3.960131000
0.834934000
7.791256000
6.984840000
7.885935000
7.914072000
6.327456000
8.128449000
7.061785000
7.471649000
7.442249000
5.655334000
4.626046000
5.220049000
7.824441000
7.996843000
9.057876000

-2.043372000
-2.995600000
-0.526693000
-1.417862000
-1.759486000
-1.920110000
-2.572406000
-2.742653000
-3.067075000

0.253365000
-0.795043000
-1.612694000

0.147407000
-1.362024000
-1.666608000
-3.132218000
-3.695069000
-2.793824000
-1.972241000

0.104817000
-0.485119000

1.275295000

0.670927000

2.191967000
-1.579809000

P

-2.324171000
-3.586215000
-3.560768000
-2.309061000
-1.081923000
-1.067292000
-2.358313000
0.248420000
0.476177000
-0.327626000
-0.190963000
0.767794000
1.592832000
1.442618000
0.340741000
-7.218000000
-6.250957000
-4.965564000
-6.523622000
-4.426213000
-5.361133000
-7.633621000
-5.289593000
-7.559471000
-6.397488000
-7.626204000
-7.206581000
-6.473723000
-6.754677000
-4.803918000
-4.024635000
-3.017836000
-1.828833000
-4.958455000
-0.109369000
0.856064000
1.741481000
2.976031000
0.245728000
1.343493000
-0.616411000
1.098954000
1.849354000
2.930186000

-3.539088000
-3.668915000
-4.252469000
-3.826005000
-4.740774000
-2.518409000
-4.364221000
-2.139063000
-3.060204000
-4.342200000
-5.476169000
-2.539521000
-3.431943000
-5.750780000
-1.788309000
-1.126545000
-2.763406000
-5.083144000
-5.509350000
-5.090760000
1.066857000
-0.927020000
-0.959010000
-1.710669000
4.187987000

2.364657000
1.803782000
0.277556000
-0.177891000
0.497040000
1.654750000
3.440227000
2.167142000
1.462371000
1.719437000
0.964717000
-0.054422000
-0.313759000
0.455166000
3.584100000
1.759773000
1.099035000
1.484865000
-0.080200000
0.618869000
-0.344932000
-0.936471000
-1.423482000
-2.018898000
-2.256838000
-2.210054000
-1.902578000
-2.710275000
-3.128319000
-1.548267000
-0.596396000
0.082592000
-0.189626000
0.415940000
-2.723053000
-2.424263000
-1.244799000
-1.299116000
-2.171869000
-1.876991000
-3.361011000
-0.105135000
1.123247000
0.956853000
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10.136416000
7.910104000
6.625698000
6.339416000
5.547385000
5.138046000
4.649378000
6.403214000
5.310764000
5.935857000
4.293572000

-4.182201000

-2.697271000

-2.490056000

-2.110565000

-3.395691000

-3.282739000

-3.838126000

-2.585159000

-3.515779000

-2.756703000

-1.855281000

-2.220990000

-1.338745000

-1.519538000
1.709751000
1.715346000
0.864704000
1.061434000
1.300945000
2.160603000

-0.137645000

-1.094463000

-0.393294000

-0.784271000

-2.291937000

-3.657800000

-4.782500000

-3.794992000
2.426945000
2.119365000
1.448515000
1.647971000
1.137933000

-5.580908000

-4.466792000

-3.743051000

-2.477832000

-1.387310000

-0.304592000

-1.347683000

-7.628058000

-7.275191000

-6.933276000

-6.699165000

-6.073470000

-5.538707000

-6.818258000

-6.928065000

-6.782944000

-8.105348000

-8.201155000

-5.649964000

-4.390508000
3.221782000
1.560038000
1.390366000
2.824832000
4.307232000
3.095649000
2.927080000
2.308000000

-1.075279000

-0.305112000
1.490032000
0.251560000

-0.000143000

2.267284000
0.561406000
-0.190841000
-1.299711000
-0.058763000
-1.801485000
-1.067196000
5.346225000
4.714125000
6.564416000
3.878309000
1.543089000
1.284857000
-0.110023000
2.368465000
9.039914000
7.743787000
7.451023000
6.549679000
6.155852000
5.573861000
6.197040000
4.284921000
4.909148000
3.962543000
7.380814000
5.932444000
5.072177000
3.849590000
5.661160000
6.347595000
5.687075000
4.918451000
4.287188000
3.285392000
5.803499000
5.086373000
6.124466000
4.028393000
2.671360000
1.241640000
0.947459000
-0.053004000
0.836187000
-3.010378000
-4.038899000
-4.297510000
-5.018735000
-4.468354000
-5.203679000
-3.159702000
1.609695000
1.636947000
0.240081000
0.036537000
2.612430000
2.691440000
2.615918000
-0.716767000
-2.133796000
-2.840062000
-3.893016000
-2.727180000
-2.168463000
-4.457355000
-4.971134000
-3.719782000
-4.730769000
-2.857004000
-2.267322000
-0.497799000
0.369270000
-1.278453000
2.232208000
1.635537000
-7.566034000
-6.806827000

2.437264000
2.474493000
2.363876000
3.140326000
1.521623000
2.766277000
1.781340000
1.139471000
0.263677000
1.943144000
1.048672000
7.692416000
7.412656000
6.800648000
6.497270000
2.411485000
1.666732000
0.445583000
2.089829000
0.071653000
1.064545000
3.239368000
1.157733000
3.345932000
2.315316000
-0.619848000
-0.440128000
-1.359695000
-1.444881000
1.019897000
1.911627000
-2.015899000
-2.784996000
-3.988363000
-4.547571000
-3.209907000
-3.234101000
-3.349870000
-4.334409000
-4.173274000
-4.254508000
-5.585295000
-6.248350000
-3.140854000
4.635166000
4.456477000
5.784464000
5.623246000
5.082919000
4.804343000
4.812596000
0.753440000
-0.681021000
-1.219829000
-2.412647000
-0.799383000
0.637878000
1.470564000
-0.260742000
-0.506807000
-0.230836000
0.362544000
0.329290000
-0.025346000
2.134915000
1.882996000
-0.204219000
-0.306813000
0.030223000
-1.081048000
0.438393000
2.574177000
2.633115000
-0.799624000
0.773228000
0.876958000
2.450681000
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9.113685000
8.413422000
7.465382000
7.866359000
6.141837000
6.804700000
5.740251000
6.119126000
5.046934000
5.619671000
4.084185000
-4.154146000
-2.653659000
-2.337487000
-2.155297000
-3.794464000
-3.667404000
-4.242958000
-2.935284000
-3.900834000
-3.110557000
-2.173712000
-2.552507000
-1.632021000
-1.820421000
1.282975000
1.375242000
0.574173000
0.861796000
0.974546000
1.787341000
0.491711000
-1.443271000
-0.748171000
-1.111757000
2.647309000
4.004797000
5.135875000
-4.119361000
2.131945000
1.887609000
1.187714000
1.398080000
0.976609000
-5.417618000
-4.083780000
-3.243864000
-1.920663000
-0.878589000
0.279291000
-0.967540000
-7.771061000
-7.429505000
-7.028845000
-6.801530000
-6.278405000
-5.732791000
-6.999470000
-6.969650000
-6.774249000
-8.073043000
-8.134881000
-5.625630000
-4.380960000
3.801560000
2.215648000
1.878182000
3.383105000
4.704871000
3.581818000
3.341495000
2.517729000
-0.573079000
-0.714061000
1.301134000
0.502430000
0.279326000

3.909232000
0.907686000
-0.237976000
-1.420456000
-0.446559000
-2.275932000
-1.716755000
5.581363000
4.850974000
6.795803000
4.005245000
1.415450000
1.279267000
-0.088016000
2.414645000
8.890045000
7.599747000
7.295657000
6.420973000
6.007630000
5.441268000
6.083974000
4.161787000
4.805609000
3.853261000
7.385654000
5.937912000
5.045025000
3.844349000
5.619867000
6.345026000
5.591798000
4.757968000
4.061768000
2.998889000
5.610302000
4.878360000
5.905306000
3.797629000
2.631323000
1.187754000
0.831489000
-0.183508000
0.744219000
-3.190608000
-3.830269000
-4.119674000
-4.680525000
-3.974734000
-4.572787000
-2.648452000
1.250926000
1.267598000
-0.123692000
-0.342277000
2.296143000
2.422159000
2.302985000
-1.060115000
-2.474691000
-3.223098000
-4.272928000
-3.020387000
-2.432432000
-3.644266000
-4.438472000
-3.554587000
-4.464695000
-2.384767000
-2.181612000
-0.131101000
1.051174000
-1.084660000
2.325121000
2.080735000
-7.594263000
-6.756091000

1.669682000
2.268915000
2.464979000
3.055087000
2.136485000
3.057917000
2.507607000
0.913052000
0.093536000
1.702897000
0.933978000
7.768290000
7.485589000
6.859892000
6.580938000
2.346030000
1.593875000
0.384917000
2.000750000
0.002361000
0.980081000
3.134211000
1.065995000
3.232090000
2.208393000
-0.721291000
-0.564416000
-1.496197000
-1.624796000
0.890821000
1.794538000
-2.109926000
-2.819581000
-3.986709000
-4.443188000
-3.290816000
-3.316142000
-3.466451000
-4.397092000
-4.251122000
-4.291201000
-5.592306000
-6.229756000
-3.136184000
4.866509000
4.479791000
5.728655000
5.436543000
4.996724000
4.697533000
4.836943000
0.936903000
-0.500733000
-1.014683000
-2.206019000
-0.647399000
0.782351000
1.629648000
-0.037047000
-0.262338000
0.016896000
0.620174000
0.586100000
0.227300000
2.240077000
2.168893000
-0.149533000
-0.083344000
0.074362000
-1.263274000
0.016084000
1.858911000
2.493382000
-1.105723000
0.240533000
1.059782000
2.596913000
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-1.222235000
-2.884609000
-1.736230000
-4.167711000
-3.205649000
-4.410788000
3.290564000
1.430940000
0.875544000
4.860069000
3.807974000
3.526536000
1.203553000
-0.314522000
0.721423000
8.508821000
8.397900000
6.236312000
8.278251000
5.590098000
5.384603000
6.785813000
8.075747000
8.213670000
7.209669000
5.850416000
4.643981000
5.023278000
3.779679000
6.065336000
5.359967000
4.379701000
8.141798000
7.350149000
9.759926000
7.960776000
8.745100000
6.928845000
5.366784000
4.663762000
6.798699000
5.789147000
4.791252000
5.628111000
6.732347000
5.074505000
3.541759000
3.765447000
4.792405000
-4.334399000
-4.760229000
-2.157306000
-3.017564000
-2.877371000
-1.427462000
-1.042564000
-2.227967000
-2.615612000
-4.000394000
-3.861630000
-4.445834000
-3.880303000
-1.704961000
-2.353221000
-0.780740000
-1.095779000
2.068689000
0.791275000
2.742229000
0.254072000
1.361239000
2.354118000
-0.230173000
-1.458268000
0.511860000
-2.101687000
-2.356043000

-4.323772000
-3.299563000
-8.321772000
-4.008372000
-8.031764000
-5.888968000
-8.082635000
-6.416224000
-8.042279000
-6.873082000
-5.687496000
-6.142206000
-5.805880000
-6.443069000
-7.466322000
-5.524961000
-4.357033000
-3.685485000
-3.707979000
-5.946414000
-4.707165000
-5.786465000
-1.186142000
-0.658456000
1.337084000
-0.581834000
1.817133000
1.817103000
0.726394000
-1.626261000
-0.192428000
-1.199577000
-0.143586000
2.321631000
2.794182000
1.127706000
-0.148767000
-1.675997000
0.671991000
-2.657517000
4.583583000
4.083040000
5.515879000
7.373829000
6.949813000
6.324957000
3.445296000
4.481546000
3.051194000
2.524807000
1.518631000
1.316437000
-0.184104000
-0.895007000
-0.309051000
2.202531000
3.365708000
2.371721000
9.760467000
8.899379000
8.071035000
5.678115000
6.918548000
3.570091000
4.625451000
2.969079000
7.671077000
7.792648000
5.583516000
5.971639000
4.593309000
7.191787000
6.689800000
4.093745000
4.824849000
6.269921000
6.622064000

2.211812000
0.561148000
-1.031780000
-1.803137000
-3.010515000
-3.389757000
-1.404561000
-1.329023000
-1.673346000
-2.885863000
-2.103361000
-3.784616000
-3.762032000
-3.124558000
-4.132154000
-0.829313000
-1.976395000
-1.209102000
1.111595000
-0.320399000
0.937606000
0.980072000
-1.960265000
-3.492422000
-3.130436000
-1.193652000
-2.687816000
-0.974423000
-1.603918000
-3.426042000
-4.191764000
-3.116555000
0.009954000
1.323750000
0.512539000
3.409522000
2.502837000
3.870601000
0.754072000
3.219811000
1.825452000
-0.488297000
-0.279389000
1.270749000
2.588132000
2.575230000
0.378461000
1.791492000
1.569349000
8.153139000
6.760338000
8.369131000
5.839780000
7.460455000
6.619852000
6.317570000
6.934441000
5.523335000
1.854195000
3.394157000
-0.198144000
-0.736042000
4.037279000
0.354748000
4.233096000
2.420712000
-1.523116000
-0.475703000
-0.570181000
1.155575000
1.234817000
1.469456000
-1.953166000
-2.165342000
-4.333838000
-4.184819000
-2.483659000

126

IrIrrrrrrIrrrIrIrIrIrIrIrIrIrIIrIIrIIIIIIIIIIIIIII I I I IIIIITIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIT

-1.109645000
-2.888364000
-1.490429000
-4.211216000
-3.038566000
-4.385151000
3.528410000
1.644706000
1.110453000
5.003156000
3.945423000
3.614882000
1.275826000
-0.193331000
0.797195000
8.520855000
8.250638000
6.232864000
8.609465000
5.715171000
5.703252000
7.087155000
8.045595000
8.001363000
6.987070000
5.742244000
4.587926000
4.854460000
3.621765000
5.907548000
5.176453000
4.223726000
7.850357000
7.063484000
9.815896000
8.495387000
9.415030000
8.789682000
5.469533000
6.859930000
6.600706000
5.550438000
4.479125000
5.217011000
6.429013000
4.818588000
3.347846000
3.535561000
4.631432000
-4.382940000
-4.729495000
-2.116591000
-2.860443000
-2.661132000
-1.262009000
-1.077799000
-2.350238000
-2.660665000
-4.426392000
-4.237346000
-4.877737000
-4.283260000
-2.019071000
-2.698351000
-1.049667000
-1.382427000
1.616613000
0.343146000
2.420628000
-0.090016000
1.100875000
1.929944000
-0.681876000
-1.807517000
0.114012000
-2.444235000
-2.735345000

-4.382416000
-3.525314000
-8.531785000
-4.406634000
-8.406464000
-6.358592000
-8.049040000
-6.398341000
-8.046863000
-6.783848000
-5.636373000
-6.089277000
-5.871619000
-6.504730000
-7.550050000
-5.323178000
-4.191235000
-3.471170000
-3.442513000
-5.696768000
-4.398914000
-5.494003000
-0.914186000
-0.460263000
1.542248000
-0.404536000
2.075530000
1.885092000
0.922355000
-1.449651000
-0.020303000
-1.037559000
0.086824000
2.359170000
2.721633000
1.513132000
0.509999000
-1.618441000
0.233979000
-3.271305000
4.868742000
4.205777000
5.592020000
7.560196000
7.252743000
6.526493000
3.505400000
4.615658000
3.227869000
2.377108000
1.355090000
1.342763000
-0.188746000
-0.908199000
-0.198649000
2.335501000
3.394482000
2.388559000
9.598980000
8.734540000
7.902446000
5.518606000
6.809656000
3.440564000
4.533958000
2.865572000
7.709300000
7.740819000
5.650775000
5.862565000
4.555032000
7.206081000
6.575566000
3.972542000
4.609168000
6.052138000
6.448035000

2.309311000
0.688109000
-0.756296000
-1.602944000
-2.691809000
-3.106419000
-1.301291000
-1.157125000
-1.429397000
-2.830883000
-2.002001000
-3.675099000
-3.600099000
-2.852738000
-3.882066000
-1.062976000
-2.218095000
-1.167277000
0.808655000
-0.107324000
1.116087000
0.996246000
-2.104700000
-3.667891000
-3.274054000
-1.290574000
-2.690596000
-0.955795000
-1.782773000
-3.530777000
-4.280368000
-3.193446000
-0.065742000
1.394461000
0.174804000
3.178351000
2.061899000
3.414285000
1.635178000
3.474006000
1.594992000
-0.631853000
-0.486714000
1.027454000
2.281529000
2.399709000
0.294044000
1.656041000
1.482660000
8.239245000
6.836174000
8.441910000
5.898245000
7.510983000
6.680103000
6.398883000
7.029222000
5.607487000
1.804296000
3.337036000
-0.245176000
-0.790432000
3.927433000
0.271690000
4.107260000
2.309315000
-1.622907000
-0.564870000
-0.699044000
1.026734000
1.092311000
1.365616000
-1.989879000
-2.150128000
-4.413509000
-4.274556000
-2.588992000
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-3.765638000
-4.719436000
-4.734292000
-5.763333000
-3.661162000
-4.794592000
-3.057714000
3.374446000
2.326058000
3.007188000
0.722840000
0.195792000

1.572190000
0.932090000
-5.176155000
-6.132611000
-3.751393000
-4.867708000
-3.548707000
-4.362871000
-2.468115000
-0.353890000
0.463389000
-0.506050000
-2.057561000
-8.620036000
-8.106069000
-5.333887000
-6.433852000
-4.962251000
-4.902683000
-6.641587000
-7.309836000
-7.192556000
-6.579660000
-8.995354000
-5.586296000
-5.860444000
-4.475511000
-4.599684000
-6.300130000
-2.412524000

7.245608000

2.901885000
-1.116032000
-5.376440000
-4.317575000
-4.911610000
-5.611989000
-3.102160000
-1.899865000
-0.872587000
-1.776073000
0.245405000
-0.661541000
0.354378000
-5.735392000
-6.162313000
-4.759621000
-3.427398000
-0.935678000
-2.554895000
-0.601502000

1.222747000

1.038754000
-4.053640000
-2.833372000
-2.886638000
-2.732008000
-3.751285000
-2.572658000

1.141710000

4.551805000
6.652340000
6.880720000
5.642018000
4.481730000
3.582744000
3.233594000
2.860022000
3.011421000
0.599225000
1.727231000
1.380988000
1.082372000
-0.234509000
-2.039763000
-2.864236000
-3.683786000
-4.985774000
-3.358220000
-4.896299000
-6.013023000
-6.209063000
-4.736356000
-2.794069000
-2.527094000
1.756378000
1.984119000
2.267378000
3.595297000
3.596923000
1.827273000
2.301706000
3.599639000
-0.356255000
-2.268299000
-2.300845000
-3.802181000
-2.565578000
-1.209062000
0.785759000
-3.328675000
9.492584000
5.640683000
-8.467425000
-8.051464000
-0.718283000
-1.615445000
-2.343859000
-3.339655000
-0.758088000
-1.544351000
-1.876155000
-1.955145000
-2.595985000
-2.678870000
-3.001331000
-0.156572000
-1.285303000
-1.842544000
-0.063436000
-1.545384000
-1.712824000
-2.994674000
-3.563385000
-2.818408000
-2.333979000
-0.149698000
-0.688042000
1.103746000
0.396632000
2.059070000
-1.484830000

-2.278004000
-4.308078000
-2.558166000
-3.298395000
-5.323772000
-4.301090000
-4.225459000
-4.483076000
-3.220614000
-4.188880000
-5.895316000
-3.236633000
-2.168079000
-3.176011000
4.942309000
3.702412000
3.706817000
4.079481000
6.315650000
6.453809000
5.791825000
4.818483000
4.313890000
4.374930000
5.138782000
0.890526000
-1.305795000
-1.522113000
-1.119028000
0.836106000
0.854233000
2.504036000
1.495391000
0.657958000
-1.575245000
-0.617025000
0.157173000
1.394976000
-0.150939000
8.364738000
5.397482000
2.588176000
0.501446000
-3.073869000
1.874424000
-5.201325000
-4.688719000
-3.506374000
-3.589180000
-4.286792000
-3.810955000
-4.705238000
-2.475331000
-4.281379000
-2.046947000
-2.948624000
-4.426487000
-5.514873000
-2.533589000
-3.502407000
-5.737815000
-1.761556000
-1.010334000
-2.619259000
-4.987821000
-5.470781000
-5.154757000
1.067219000
-0.924188000
-0.955885000
-1.687303000
4.178031000
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-4.121294000
-5.062783000
-5.104576000
-6.113467000
-3.960576000
-5.120984000
-3.388708000
3.075802000
2.005364000
2.810560000
0.431003000
-0.001667000

1.428311000
0.839208000
-5.263222000
-6.033219000
-3.532811000
-4.247120000
-3.118760000
-3.750534000
-1.822119000
0.376372000

1.016413000
-0.142640000
-1.766255000
-8.767355000
-8.281090000
-5.533569000
-6.689624000
-5.196359000
-5.055973000
-6.798707000
-7.533812000
-7.246309000
-6.562385000
-8.979669000
-5.530558000
-5.845479000
-4.482195000
-4.509274000
-5.988489000
-2.818506000

6.913804000

3.074366000
-0.790050000
-5.540940000
-4.432032000
-4.957753000
-5.615025000
-3.248261000
-2.005812000
-0.975834000
-1.845042000

0.181010000
-0.691403000

0.327138000
-5.908079000
-6.306297000
-4.796835000
-3.594587000
-1.067016000
-2.624270000
-0.600318000

1.226630000

0.975146000
-4.151194000
-3.017069000
-2.625984000
-2.963080000
-3.894517000
-2.997123000

1.591368000

4.365063000
6.417888000
6.674258000
5.415870000
4.229751000
3.355919000
3.002214000
2.846722000
2.997659000
0.595241000
1.579657000
1.223718000
1.036865000
-0.337885000
-2.232813000
-3.004561000
-3.169730000
-4.767714000
-3.217676000
-4.846154000
-5.684058000
-5.573340000
-4.014189000
-2.138386000
-2.127503000
1.358059000
1.561981000
1.977650000
3.256131000
3.355728000
1.591274000
2.013576000
3.264341000
-0.695137000
-2.614404000
-2.718296000
-4.095562000
-2.850472000
-1.472582000
0.620503000
-3.840206000
9.364232000
5.910154000
-8.433514000
-8.092473000
-1.097701000
-1.943540000
-2.700269000
-3.726058000
-1.032107000
-1.762339000
-2.047321000
-2.165917000
-2.711975000
-2.836054000
-3.109363000
-0.550510000
-1.700696000
-2.196454000
-0.345759000
-1.720741000
-1.958981000
-3.150723000
-3.626770000
-2.894393000
-2.650569000
-0.418615000
-0.821140000
0.916483000
0.109945000
1.840333000
-0.552857000

-2.349437000
-4.432223000
-2.686081000
-3.421323000
-5.392276000
-4.378870000
-4.253210000
-4.554074000
-3.311360000
-4.251785000
-5.905512000
-3.207628000
-2.185567000
-3.144680000
5.375088000
3.982345000
3.800318000
3.937212000
6.338265000
6.366833000
5.464401000
4.747880000
4.270699000
4.556774000
5.156466000
1.079027000
-1.124775000
-1.376310000
-0.975337000
0.959681000
1.006034000
2.666024000
1.644595000
0.876215000
-1.327971000
-0.377146000
0.430333000
1.648642000
0.125343000
8.432892000
5.538135000
2.505211000
0.231598000
-2.954397000
2.147394000
-5.001253000
-4.510969000
-3.312565000
-3.377415000
-4.133234000
-3.668690000
-4.575988000
-2.334061000
-4.166628000
-1.920155000
-2.835192000
-4.219971000
-5.297800000
-2.341830000
-3.350867000
-5.607710000
-1.609150000
-0.885149000
-2.516113000
-4.883500000
-5.297703000
-5.008356000
1.147558000
-0.887836000
-0.761479000
-1.703632000
3.920266000



7.3 Supporting Information for Chapter 4: Synthetic Utility of a de novo Morita-Baylis-

Hillmanase

7.3.1 Methods

7.3.1.1 Materials

All chemicals and biological materials were obtained from commercial suppliers. DNase | and
kanamycin were purchased from Sigma-Aldrich; LB agar, LB media, 2xYT media and arabinose from
Formedium; Escherichia coli (E. coli) 5a from New England BioLabs.

7.3.1.2 Protein production and purification

For expression of BH32.6 and BH32.10[1] chemically competent E. coli 5a were transformed with
the relevant pBbE8k_BH32 constructs. Single colonies of freshly transformed cells were cultured for
18 hiin 10 mL LB medium containing 25 ug mL-! kanamycin. Starter cultures (500 uL) were used to
inoculate 50 mL 2xYT medium supplemented with 25 ug mL-! kanamycin. Cultures were grown at
37 °C, 200 r.p.m. to an optical density at 600 nm (ODsoo) of around 0.5. Protein expression was
induced with the addition of L-arabinose to a final concentration of 10 mM. Induced cultures were
incubated for 20 h at 25 °C and the cells were subsequently collected by centrifugation (3,2209g for
10 min). For His-tagged BH32.6, pelleted cells were resuspended in lysis buffer (50 mM HEPES,
300 mM NacCl, pH 7.5 containing 20 mM imidazole) and lysed by sonication. Cell lysates were cleared
by centrifugation (27,2169 for 30 min), and supernatants were subjected to affinity chromatography
using Ni-NTA Agarose (Qiagen). Purified protein was eluted using 50 mM HEPES, 300 mM NacCl,
pH 7.5 containing 250 mM imidazole. For Strep-tagged BH32.10, pelleted cells were resuspended
in Buffer NP (50 mM NaH2PO4, 300 mM NaCl, pH 8) and lysed by sonication. Cell lysates were
cleared by centrifugation (27,2169 for 30 min), supernatants were subjected to a Strep-Tactin®
Superflow Plus resin (Qiagen) and purified protein was eluted using 50 mM NaH2PO4, 300 mM NaCl,
2.5 mM desthiobiotin at pH 8.0. Proteins were desalted using 10DG desalting columns (Bio-Rad)
with PBS pH 7.4 and analysed by SDS-PAGE. Proteins were further purified by size-exclusion
chromatography using a Superdex 200 column (GE Healthcare) in PBS pH 7.4. Proteins were
aliquoted, flash-frozen in liquid nitrogen and stored at -80 °C. Protein concentrations were
determined by measuring the absorbance at 280 nm and assuming an extinction coefficient of 25,900
M- cm™t for BH32.6, and 29,910 M1 cm~1 for BH32.10.

7.3.1.3 General procedure for the preparation of racemic product standards (3, 5a, 5¢c-k & m-
t).

Arylaldehyde (3.3 mmol, 1.0 equiv), cyclic enone (3.3 mmol, 1.0 equiv) and imidazole (227 mg, 3.3
mmol, 1.0 equiv) were stirred in 1M NaHCOs (13.3 mL) and THF (3.3 mL) for 24h at room
temperature. The reaction was acidified with 1M HCI and extracted with ethyl acetate (3 x 50 mL).
The organic layer was dried over MgSOy, filtered and the solvent removed in vacuo to give the crude
product.

2-(hydroxy(4-nitrophenyl)methyl)cyclohex-2-en-1-one (3). Crude product purified by flash

column chromatography (5:1 cyclohexane:ethyl acetate) to give the product as a light-yellow solid
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(201 mg, 90%). Spectral data is consistent with literature values.[2] &1 (400 MHz, CDClz): 8.21 (m,
2H), 7.56 (m, 2H), 6.82 (t, J = 4.1 Hz, 1H), 5.62 (d, J = 6.1 Hz, 1 H), 3.51 (d, J = 6.0 Hz, 1H), 2.46
(m, 4H), 2.03 (m, 2H). 13C NMR (100 MHz, CDCls) 6 200.1, 149.3, 148.1, 147.2, 140.2, 127 .1, 123.5,
72.0, 38.4, 25.8, 22.3. ESI+ m/z = 270 ([M +Na]*,100)
2-((4-nitrophenyl)(hydroxy)methyl)cyclopent-2-en-1-one (5a). Crude product purified by flash
chromatography (2:1 cyclohexane:ethyl acetate) to give the product as a yellow solid (62 mg, 12%).
Spectral data is consistent with literature values.[3] 'H NMR (400 MHz, CDCl3) & 8.25-8.20 (m, 2H),
7.62-7.57 (m, 2H), 7.29 (td, J = 2.8, 1.2 Hz, 1H), 5.68 (s, 1H), 3.56 (s, 1H), 2.67-2.61 (m, 2H), 2.52-
2.46 (m, 2H). *C NMR (101 MHz, CDCls) 6 209.5, 159.9, 148.6, 147.9, 146.8, 127.2, 123.9, 69.3,
35.3, 26.9. ESI+ m/z = 216.0657 ([M -OHJ*, 100).
5-(hydroxy(4-nitrophenyl)methyl)-2,2-dimethyl-3a,6a-dihydro-4H-cyclopenta[d][1,3]dioxol-4-
one (5c¢). Crude product purified by flash chromatography (3:1 cyclohexane:ethyl acetate) to give
the two diastereomeric products. Stereoisomer 1 eluted first and was formed as a colourless oil (96
mg, 19%). 'H NMR (400 MHz, CDCls) & 8.24-8.18 (m, 2H), 7.64-7.57 (m, 2H), 7.40-7.35 (m, 1H),
5.67 (d, J = 4.2 Hz, 1H), 5.21 (dd, J = 5.4, 2.4 Hz, 1H), 4.50 (d, J = 5.4 Hz, 1H), 3.05 (d, J = 4.4 Hz,
1H), 1.40 (s, 6H). 13C NMR (101 MHz, CDCls) & 201.9, 153.7, 147.9, 147.5, 147.4, 127.3, 124.0,
115.9, 77.8, 77.0, 68.6, 27.6, 26.2. ESI- m/z = 304.0844 ([M -HJ,, 80), 288.08916 (27), 246.0421
(100). Stereoisomer 2 was formed as a colourless oil (75 mg, 15%). *H NMR (400 MHz, CDCls) &
8.25-8.19 (m, 2H), 7.61-7.56 (m, 2H), 7.27-7.24 (m, 1H), 5.69 (m, 1H), 5.22 (ddd, J = 5.5, 2.4, 1.1
Hz, 1H), 4.55 (d, J = 5.4 Hz, 1H), 1.42 (s, 3H), 1.38 (s, 3H). 13C NMR (101 MHz, CDCls) & 201.7,
153.8, 147.8, 147.0, 147.0, 127.3, 123.9, 115.7, 77.7, 76.8, 68.5, 27.5, 26.1. ESI- m/z = 304. 0842
(IM -HJ-, 85), 288.0892 (33), 246.0423 (100).
2-((4-bromophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5d). Crude product was purified by
flash chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a white solid (128 mg,
20%). Spectral data is consistent with literature values.[3] *H NMR (400 MHz, CDClz) o 7.49-7.44
(m, 2H), 7.25-7.21 (m, 2H), 6.73 (t, J = 4.2 Hz, 1H), 5.50 (s, 1H), 2.56-2.28 (m, 4H), 2.09-1.89 (m,
2H). 13C NMR (101 MHz, CDClIz) 5 200.5, 147.7, 140.9, 140.8, 131.6, 128.3, 121.5, 72.3, 38.7, 25.9,
22.6. ESI+ m/z = 265.0070 ([M 8Br -OH]*, 100), 263.0090 ([M "°Br -OH]*, 91).
2-((4-chlorophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5e). Crude product purified by flash
chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a white solid (114 mg, 24 %).
Spectral data is consistent with literature values.[3] 'H NMR (400 MHz, CDCls) d 7.30-7.22 (m, 4H),
6.74 (t, J = 4.3 Hz, 1H), 5.48 (s, 1H), 3.46 (br s, 1H), 2.45-2.32 (m, 4H), 1.95 (app quint, J = 6.3 Hz,
2H). 13C NMR (101 MHz, CDCls) 6 200.4, 147.6, 140.8, 140.4, 133.2, 128.5, 127.9, 71.8, 38.5, 25.8,
22.5. ESIl+ m/z = 221.0564 ([M 37Cl -OHJ*, 30), 219.0591 ([M 35CI -OH]*, 100).
2-((4-cyanophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5f). Crude product purified by flash
chromatography (3:1 cyclohexane:ethyl acetate) to give the product as a colourless oil (115 mg,
26%). Spectral data is consistent with literature values.[4] *H NMR (400 MHz, CDCl3) 8 7.62 (d, J =
8.3 Hz, 2H), 7.48 (d, J = 8.1 Hz, 2H), 6.79 (t, J = 4.2 Hz, 1H), 5.55 (d, J = 5.9 Hz, 1H), 3.51 (d, J =
5.9 Hz, 1H), 2.48-2.38 (m, 4H), 2.05-1.96 (m, 2H). 13C NMR (101 MHz, CDCls) 5 200.1, 148.0, 147.5,
140.4,132.5,127.1, 118.9, 111.3, 72.0, 38.5, 25.8, 22.5. ESI+ m/z = 210.0922 ([M -OH]*, 100).
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2-((4-(trifluoromethyl)phenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5g). Crude product purified
by flash chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a colourless oil (196
mg, 34%). Spectral data is consistent with literature values.[5] *H NMR (400 MHz, CDCIs) & 7.58 (d,
J=8.1Hz, 2H), 7.47 (d, J = 8.2 Hz, 2H), 6.77 (t, J = 4.3 Hz, 1H), 5.57 (d, J = 5.4 Hz, 1H), 3.59 (d, J
= 5.7 Hz, 1H), 2.48-2.37 (m, 4H), 2.04-1.95 (m, 2H). 3C NMR (101 MHz, CDCIs) & 200.4, 147.9,
145.9, 140.7, 129.6 (g, J = 32.3 Hz), 126.8, 125.4 (g, J = 3.8 Hz), 122.8, 72.4, 38.6, 25.9, 22.6. ESI+
m/z = 253.0853 ([M -OH]J*, 100).
2-((3-fluoro-4-nitrophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5h). Crude product purified by
flash chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a white solid (53 mg,
9%). *H NMR (400 MHz, CDCIls) 6 8.02 (dd, J = 8.5, 7.5 Hz, 1H), 7.34 (dd, J = 11.8, 1.8 Hz, 1H),
7.31-7.23 (m, 1H), 6.87 (t, J = 4.2 Hz, 1H), 5.54 (s, 1H), 2.54-2.37 (m, 4H), 2.02 (app quint, J = 6.2
Hz, 2H). 13C NMR (101 MHz, CDCls) & 200.1, 155.7 (d, J = 265.2 Hz), 151.6 (d, J = 7.7 Hz), 148.7,
139.9, 136.4 (d, J =7.2 Hz), 126.2 (d, J = 2.7 Hz), 122.2 (d, J = 3.8 Hz), 116.2 (d, J = 21.9 Hz), 71.8
(d, J=1.4 Hz), 38.5, 25.9, 22.5. ESI+ m/z = 248.0697 ([M -OH]*, 100).
2-((2-fluoro-4-nitrophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5i). Crude product purified by
flash chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a white solid (90 mg,
16%). *H NMR (400 MHz, CDCls) & 8.08 (dd, J = 8.6, 1.9 Hz, 1H), 7.89 (dd, J = 9.8, 2.2 Hz, 1H),
7.83-7.77 (m, 1H), 6.78-6.72 (m, 1H), 5.81 (d, J = 6.7 Hz, 1H), 3.92 (d, J = 6.3 Hz, 1H), 2.55-2.37
(m, 4H), 2.08-1.93 (m, 2H). 13C NMR (101 MHz, CDCls) & 200.7, 159.0 (d, J = 251.0 Hz), 148.5 (d, J
=1.8 Hz), 148.1, 138.6, 136.5 (d, J = 13.3 Hz), 129.2 (d, J = 4.4 Hz), 119.5 (d, J = 3.7 Hz), 111.2 (d,
J=26.9 Hz), 67.6 (d, J = 2.5 Hz), 38.5, 25.9, 22.4. ESI+ m/z = 248.0717 ([M -OH]*, 100).
2-((3-fluoro-4-bromophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5j). Crude product purified
by flash chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a colourless oil (43
mg, 6%). *H NMR (400 MHz, CDCI3) & 7.48 (dd, J = 8.3, 7.0 Hz, 1H), 7.16-7.11 (m, 1H), 7.01 (dd, J
=8.2, 2.0 Hz, 1H), 6.79 (t, J = 4.1, 1H), 5.46 (s, 1H), 3.50 (br s, 1H), 2.49-2.35 (m, 4H), 2.06-1.92
(m, 2H). 13C NMR (101 MHz, CDCls) 8 200.3, 159.1 (d, J = 247.4 Hz), 147.9, 144.1 (d, J = 6.2 Hz),
140.4, 133.3, 123.3 (d, J = 3.3 Hz), 114.7 (d, J = 23.1 Hz), 107.8 (d, J = 20.9 Hz), 71.7 (d, J = 1.6
Hz), 38.6, 25.9, 22.5. ESI+ m/z = 282.9955 ([M8!Br -OH]*, 95), 280.9975 ([M"°Br -OH]*, 100).
2-((2-fluoro-4-bromophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5k). Crude product purified
by flash chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a colourless oil (68
mg, 10%). *H NMR (400 MHz, CDCls) & 7.46-7.40 (m, 1H), 7.32 (dd, J = 8.4, 1.9 Hz, 1H), 7.20 (dd,
J=9.7,1.9 Hz, 1H), 6.71-6.66 (m, 1H), 5.74 (s, 1H), 3.80 (s, 1H), 2.50-2.35 (m, 4H), 2.05-1.93 (m,
2H). 13C NMR (101 MHz, CDCls) 5 200.8, 159.5 (d, J = 251.1 Hz), 147.8, 139.3, 129.6 (d, J = 4.7
Hz), 127.9 (d, J = 13.3 Hz), 127.7 (d, J = 3.6 Hz), 121.6 (d, J = 9.5 Hz), 118.9 (d, J = 24.9 Hz), 67.1
(d, J =2.9 Hz), 38.6, 25.9, 22.5. ESI+ m/z = 282.9962 ([M8Br -OH]*, 99), 280.9981 ([M"°Br -OH]*,
100).

2-((3-nitrophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5m). Crude product purified by flash
chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a colourless oil (132 mg,
26%). Spectral data consistent with literature values.[3] 'H NMR (400 MHz, CDClz) 6 8.21 — 8.18 (m,
1H), 8.09 (dd, J = 8.3, 1.2 Hz, 1H), 7.70 (d, J = 7.6 Hz, 1H), 7.49 (t, J = 7.9 Hz, 1H), 6.86 (t, J = 4.2
Hz, 1H), 5.58 (d, J = 5.7 Hz, 1H), 3.67 (d, J = 5.8 Hz, 1H), 2.48 — 2.37 (m, 4H), 2.00 (app quint, J =
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6.3 Hz, 2H). 13C NMR (101 MHz, CDCl3) & 200.2, 148.4, 148.2, 144.4, 140.3, 132.7, 129.3, 122.5,
121.4,71.9, 38.5, 25.9, 22.5. ESI+ m/z = 230.08221 ([M -OH]*, 100).
2-((3-bromophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5n). Crude product purified by flash
chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a colourless oil (67 mg, 10%).
Spectral data is consistent with literature values.[3] *H NMR (400 MHz, CDClz) & 7.55-7.47 (m, 1H),
7.42-7.36 (m, 1H), 7.31-7.26 (m, 1H), 7.20 (t, J = 7.8 Hz, 1H), 6.76 (t, J = 4.2 Hz, 1H), 5.50 (d, J =
5.3 Hz, 1H), 3.48 (d, J = 5.6 Hz, 1H), 2.48-2.38 (m, 4H), 2.04-1.96 (m, 2H). 3C NMR (101 MHz,
CDClz) 6 200.4, 147.9, 144.3, 140.7, 130.7, 130.0, 129.6, 125.2, 122.7, 72.2, 38.6, 25.9, 22.6. ESI+
m/z = 265.0051 ([M 81Br -OH]*, 100), 263.0070 ([M 7°Br -OH]*, 94).
2-((3-chlorophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (50). Crude product purified by flash
chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a colourless oil (152 mg,
33%). Spectral data consistent is with literature values.[3] *H NMR (400 MHz, CDCI3z) & 7.37-7.34
(m, 1H), 7.30-7.21 (m, 3H), 6.75 (t, J = 4.2 Hz, 1H), 5.51 (d, J = 5.6 Hz, 1H), 3.46 (d, J = 5.6 Hz, 1H),
2.49-2.38 (m, 4H), 2.05-1.97 (m, 2H). 13C NMR (101 MHz, CDCI3) & 200.5, 147.9, 143.9, 140.7,
134.5, 129.7, 127.8, 126.7, 124.8, 72.3, 38.7, 25.9, 22.6. ESI+ m/z = 221.0549 ([M 3’CI -OH]*, 27),
219.0575 ([M 35Cl -OHJ*, 100).

4-(hydroxy(6-oxocyclohex-1-en-1-yl)methyl)benzaldehyde (5p). Crude product purified by flash
chromatography (3:1 cyclohexane:ethyl acetate) to give the product as a colourless oil (183 mg,
41%). 'H NMR (400 MHz, CDCls) 8 9.96 (s, 1H), 7.82 (d, J = 8.0 Hz, 2H), 7.51 (d, J = 7.9 Hz, 2H),
6.80 (t, J = 4.2 Hz, 1H), 5.58 (d, J = 5.5 Hz, 1H), 3.67 (d, J = 5.6 Hz, 1H), 2.50-2.30 (m, 4H), 2.07-
1.90 (m, 2H). 13C NMR (101 MHz, CDCls) & 200.2, 192.1, 148.9, 147.9, 140.6, 135.7, 129.9, 127.0,
72.2, 38.5, 25.9, 22.5. ESI+ m/z = 213.0923 ([M -OH]*, 20), 185.0976 ([M -OH -COJ*, 100).
5-(hydroxy(6-oxocyclohex-1-en-1-yl)methyl)thiophene-2-carbaldehyde (5q). Crude product
purified by flash chromatography (2:1 cyclohexane:ethyl acetate) to give the product as a yellow solid
(73 mg, 16%). *H NMR (400 MHz, CDClI3) 6 9.84 (s, 1H), 7.63 (d, J = 3.8 Hz, 1H), 7.08 (dd, J = 3.8,
1.0 Hz, 1H), 6.99 (t, J = 4.2 Hz, 1H), 5.66 (m, 1H), 3.01 (br s, 1H), 2.54-2.40 (m, 4H), 2.13-1.96 (m,
2H). 3C NMR (101 MHz, CDCls) 5 200.3, 183.1, 158.1, 148.5, 142.9, 139.5, 136.7, 125.4, 70.5, 38.6,
25.9, 22.5. ESI+ m/z = 237.0596 ([M + H]*, 33), 219.0491 ([M -OH]*, 100), 191.0540 ([M -OH -COJ*,
21).

5-(hydroxy(6-oxocyclohex-1-en-1-yl)methyl)furan-2-carbaldehyde (5r). Crude product purified
by flash chromatography (2:1 cyclohexane:ethyl acetate) to give the product as a yellow solid (98
mg, 24%). 'H NMR (400 MHz, CDCI3) & 9.55 (s, 1H), 7.20 (d, J = 3.6 Hz, 1H), 6.99 (t, J = 4.1 Hz,
1H), 6.53 (d, J = 3.6 Hz, 1H), 5.51 (s, 1H), 2.53-2.36 (m, 4H), 2.02 (app quint, J = 6.2 Hz, 2H). 13C
NMR (101 MHz, CDCls) & 200.2, 177.7, 161.8, 152.3, 149.4, 137.4, 122.9, 109.8, 68.2, 38.4, 25.9,
22.4. ESIl+ m/z = 243.0642 ([M +Na]*, 78), 203.0716 ([M -OH]*, 100), 175.0765 ([M -OH -COJ*, 87).
4-(hydroxy(6-oxocyclohex-1-en-1-yl)methyl)thiophene-2-carbaldehyde (5s) and 5-(hydroxy(6-
oxocyclohex-1-en-1-yl)methyl)thiophene-3-carbaldehyde (5t). Regioisomers 5s and 5t were
produced in the same reaction and separated by flash chromatography (3:1 cyclohexane:ethyl
acetate). The isomers were assigned based on the chemical shifts of closely related regioisomeric
structures.[6,7] 5s was obtained as a yellow oil (10 mg, 2%). H NMR (400 MHz, CDClz) & 9.88 (d,
J=1.2Hz, 1H), 7.69 (d, J = 1.5 Hz, 1H), 7.64 (m, 1H), 6.86 (t, J = 4.2 Hz, 1H), 5.57 (s, 1H), 2.54-
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2.39 (m, 4H), 2.09-1.96 (m, 2H). *3C NMR (101 MHz, CDCI3) & 200.49, 183.12, 147.70, 145.20,
144.2, 140.23, 135.10, 131.11, 69.70, 38.65, 25.89, 22.59. ESI+ m/z = 219.0490 ([M -OHJ*, 100). 5t
was obtained as a yellow oil (23 mg, 5%). *H NMR (400 MHz, CDCIz) 8 9.81 (s, 1H), 8.02 (d, J=1.3
Hz, 1H), 7.28-7.24 (m, 1H), 6.96 (t, J = 4.0 Hz, 1H), 5.63 (br s, 1H), 2.54-2.38 (m, 4H), 2.08-1.99 (m,
2H). 13C NMR (101 MHz, CDCls) 5 200.5, 185.3, 149.7, 148.4, 142.8, 139.4, 136.9, 121.4, 70.2, 38.6,
25.9, 22.5. ESI+ m/z = 219.0491 ([M -OH]*, 100), 191.0540 ([M -OH -CQO]J*, 15).

Synthesis of 3-(hydroxy(4-nitrophenyl)methyl)-5,6-dihydro-2H-pyran-2-one (5b).
4-nitrobenzaldehyde (151 mg, 1.0 mmol, 1.0 equiv) and 5,6-dihydro-pyran-2-one (0.1 mL, 1.1 mmol,
1.1 equiv) were stirred under nitrogen in dichloromethane (4.0 mL) and cooled to 0 °C. A solution of
diethylaluminium iodide (0.9 M solution in toluene, 1.3 mL, 1.2 mmol, 1.2 equiv) was added dropwise
and the resulting brown mixture was stirred for 24h at room temperature. The reaction was quenched
with saturated NaHCOs (2.0 mL). The dichloromethane layer was separated and the aqueous layer
was extracted with dichloromethane (3 x 10 mL). The combined organic layers were dried over
MgSOs., filtered and the solvent was removed in vacuo. The crude product was purified by flash
column chromatography (1:1 cyclohexane:ethyl acetate) to give the product as an orange solid (23
mg, 15%). Spectral data is consistent with literature values.[8] *H NMR (400 MHz, CDCls3) & 8.27-
8.15 (m, 2H), 7.64-7.54 (m, 2H), 6.77 (t, J = 4.3 Hz, 1H), 5.66 (d, J = 4.9 Hz, 1H), 4.44-4.33 (m, 2H),
3.63 (d, J =5.5Hz, 1H), 2.62-2.47 (m, 2H). 13C NMR (101 MHz, CDClz) & 164.5, 148.3, 147.6, 141.8,
134.2,127.5, 123.8, 71.8, 66.5, 24.3. ESI- m/z = 248.0613 ([M -H]-, 100).

Preparative biotransformation for the synthesis of 3-(2,2-dimethyl-4-0x0-3a,6a-dihydro-4H-
cyclopenta[d][1,3]dioxol-5-yl)-3-hydroxyindolin-2-one (5I).

A preparative scale biotransformation (10 mL) was performed using (3aS,6aS)-2,2-dimethyl-3a,6a-
dihydro-4H-cyclopenta[d][1,3]dioxol-4-one (50 mM), isatin (10 mM), His-tag purified BH32.6 (60 uM)
in PBS (pH 7.0, 8 mL) with DMSO (2 mL) as a cosolvent. The reaction was incubated at 30 °C with
shaking at 180 r.p.m. for 1.5 hours. The reaction mixture was extracted with ethyl acetate (2 x 15
mL), dried over MgSO., filtered and the solvent removed in vacuo. The crude product was purified
by flash chromatography (2:1 cyclohexane:ethyl acetate) to give two diastereomeric products.
Stereoisomer 1 eluted first as a yellow oil (10 mg, 33%). *H NMR (400 MHz, MeOD) & 7.86 (d, J =
2.5 Hz, 1H), 7.25 (t, J = 7.8 Hz, 1H), 7.12 (d, J = 7.4 Hz, 1H), 6.96 (t, J = 7.5 Hz, 1H), 6.91 (d, J =
7.8 Hz, 1H), 5.31 (dd, J = 5.5, 2.5 Hz, 1H), 4.44 (d, J = 5.5 Hz, 1H), 1.37 (s, 3H), 1.34 (s, 3H). 3C
NMR (101 MHz, MeOD) & 202.2, 178.6, 156.9, 147.6, 143.9, 131.2, 131.0, 125.4, 123.6, 116.2,
111.4, 79.4, 78.2, 75.5, 28.2, 27.0. ESI+ m/z = 324.0842 ([M +Na]*, 100). Stereoisomer 2 eluted
second as a yellow oil (3 mg, 10%). 'H NMR (400 MHz, MeOD) 5 7.86 (d, J = 2.4 Hz, 1H), 7.27 (t, J
=7.7 Hz, 1H), 7.10 (d, J = 7.4 Hz, 1H), 6.98 (t, J = 7.5 Hz, 1H), 6.92 (d, J = 7.7 Hz, 1H), 5.32 (dd, J
=5.4,2.5Hz, 1H), 4.47 (d, J =5.4 Hz, 1H), 1.36 (s, 3H), 1.30 (s, 3H). 13C NMR (101 MHz, MeOD) &
201.3, 179.1, 156.7, 147.3, 143.8, 131.3, 130.9, 125.2, 123.6, 116.2, 111.6, 79.3, 78.3, 75.4, 28.3,
26.7. ESI+ m/z = 324.0844 ([M +Na]*, 100).
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7.3.1.4 General procedure for analytical scale biotransformations.

For reaction conditions used in the preparation of MBH adducts 5a-t see Supplementary Information
Table 1. All reactions were incubated at 25 °C with shaking (800 r.p.m.). For HPLC analysis, reactions
were quenched at the stated time points with the addition of 1 volume acetonitrile. Samples were
vortexed and precipitated proteins were removed by centrifugation (14,000 g for 5 minutes). For SFC
analysis, the substrates and products were extracted with 3 volumes of ethyl acetate. Precipitated
proteins were cleared by centrifugation (14,000 g for 5 minutes), the organic phase was separated

and directly injected onto the SFC.

7.3.1.5 Chromatographic analysis.

HPLC analysis was performed on a 1290 Infinity Il Agilent LC system with a Kinetex® 5 um XB-C18
100 A LC Column, 50 x 2.1 mm (Phenomenex). For substrate profiling reactions, substrates and
products (5a-t) were eluted over 20 minutes using a gradient of 5-95% acetonitrile in water at 1 mL
min-l. Peaks were assigned by comparison to chemically synthesised standards and the peak areas
were integrated using Agilent OpenLab software. The extinction coefficients used to calculate the

conversion are reported in Supplementary Information Table 1.

Chiral analysis was performed using an SFC 1290 Infinity Il Agilent system. Enantiomers of the MBH
product 3 were separated using a Daicel 80S82 CHIRALPAK ® IA-3 SFC column, 3 mm, 50 mm, 3
pm, and an isocratic method with 35% methanol in CO2 at 1 mL min-! for 1 minute. For substrate
profiling reactions a range of different SFC methods were used and these are summarised in
Supplementary Information Table 2. For MBH adducts 5c¢, i, k-I, 0 & q the major stereoisomer formed
in the biotransformation eluted first; for MBH adducts 3, 5a-b, d-h, j, m-n, p & r-t the major
stereoisomer formed in the biotransformation eluted second. Peaks were assigned by comparison
to chemically synthesised standards and peak areas were integrated using Agilent OpenlLabs

software.
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7.3.2 Supplementary Information

7.3.2.1 DNA and protein sequence for variants BH32.6 and BH32.10
BH32.6 Mutations from the BH32 Design: N14l, A20Y, S22V, T49A, F87L, S95A, M120V,
T122L, D123N, S124R, Q128P, M130T, E174K, C186A, C212A

ATGATTCGTGCGGTATTCTTTGATAGCCTGGGTACTCTGATTAGCGTTGAAGGCGCTTATAAA
GTGCATCTGAAAATTATGGAGGAAGTGCTGGGTGACTATCCGCTGAACCCGAAAACCCTGCT
GGACGAATACGAGAAACTGGCTCGCGAAGCGTTCTCTAACTATGCGGGCAAACCGTATCGTC
CGCTGCGTGATATCCTGGAAGAAGTAATGCGTAAACTGGCGGAAAAGTACGGTTTCAAATACC
CTGAAAACTTGTGGGAAATCTCCCTGCGTATGGCGCAACGCTACGGCGAGCTGTACCCGGAA
GTGGTGGAAGTACTGAAATCTCTGAAAGGTAAATATCACGTTGGCGTGATCCTGAATAGGGAT
ACCGAGCCGGCCACGGCATTCCTGGACGCACTGGGCATCAAAGACCTGTTCGATTCCATCAC
CACGTCTGAAGAAGCTGGTTTCTTTAAACCGCACCCACGCATCTTCGAACTGGCTCTGAAGAA
AGCCGGCGTTAAAGGCGAGAAAGCAGTGTACGTTGGTGACAACCCGGTCAAAGACGCGGGT
GGTTCTAAGAACCTGGGTATGACTAGCATCCTGCTGGATCGTAAAGGTGAGAAACGTGAATTC
TGGGATAAGGCGGACTTTATCGTCTCCGACCTGCGCGAAGTTATTAAGATTGTTGACGAACTG
AACGGTCAGGGCTCTCTCGAGCACCACCACCACCACCACTGA

MIRAVFFDSLGTLISVEGAYKVHLKIMEEVLGDYPLNPKTLLDEYEKLAREAFSNYAGKPYRPLRDIL
EEVMRKLAEKYGFKYPENLWEISLRMAQRYGELYPEVVEVLKSLKGKYHVGVILNRDTEPATAFL
DALGIKDLFDSITTSEEAGFFKPHPRIFELALKKAGVKGEKAVYVGDNPVKDAGGSKNLGMTSILLD
RKGEKREFWDKADFIVSDLREVIKIVDELNGQGSLEHHHHHH

BH32.10 Mutations from BH32.6: L10W, A19T, L24F, Y56N, E70R, P128L, A129S, F154S, Y177C,
D180P

ATGATTCGTGCGGTATTCTTTGATAGCTGGGGTACTCTGATTAGCGTTGAAGGCACTTATAAA
GTGCATTTTAAAATTATGGAGGAAGTGCTGGGTGACTATCCGCTGAACCCGAAAACCCTGCTG
GACGAATACGAGAAACTGGCTCGCGAAGCGTTCTCTAACAATGCGGGCAAACCGTATCGTCC
GCTGCGTGATATCCTGGAACGTGTAATGCGTAAACTGGCGGAAAAGTACGGTTTCAAATACCC
TGAAAACTTGTGGGAAATCTCCCTGCGTATGGCGCAACGCTACGGCGAGCTGTACCCGGAAG
TGGTGGAAGTACTGAAATCTCTGAAAGGTAAATATCACGTTGGCGTGATCCTGAATAGGGATA
CCGAGCTGTCTACGGCATTCCTGGACGCACTGGGCATCAAAGACCTGTTCGACTCCATCACC
ACGTCTGAAGAAGCTGGTTTCTCTAAACCGCACCCACGCATCTTCGAACTGGCTCTGAAGAAA
GCCGGCGTTAAAGGCGAGAAAGCAGTGTGTGTTGGTCCTAACCCGGTCAAAGACGCGGGTG
GTTCTAAGAACCTGGGTATGACTAGCATCCTGCTGGATCGTAAAGGTGAGAAACGTGAATTCT
GGGATAAGGCGGACTTTATCGTCTCCGACCTGCGCGAAGTTATTAAGATTGTTGACGAACTGA
CGGTCAGGGCTCTCTCGAGTGGAGTCACCCACAGTTTGAGAAA

MIRAVFFDSWGTLISVEGTYKVHFKIMEEVLGDYPLNPKTLLDEYEKLAREAFSNNAGKPYRPLRDI
LERVMRKLAEKYGFKYPENLWEISLRMAQRYGELYPEVVEVLKSLKGKYHVGVILNRDTELSTAFL
DALGIKDLFDSITTSEEAGFSKPHPRIFELALKKAGVKGEKAVCVGPNPVKDAGGSKNLGMTSILLD
RKGEKREFWDKADFIVSDLREVIKIVDELNGQGSLEWSHPQFEK
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7.3.2.2 Supplementary Information Table 1: Substrate profiling reaction conditions.

Product Enone Enzyme Catalyst loading Reaction time Mean % Conv. Wavelength extinction coefficient
Conc. (mm)H (mol%) (h) (xs.d.) (nm) (mM1cm?)

aldehyde product
3 50 BH32.10 0.5 19 94+ 0.2 280 600 600
5a 50 BH32.10 15 18 97 +0.2 220 240 700
5b 50 BH32.10 25 48 82+0.3 220 240 480
5c 50 BH32.10 25 15 97+0.1 220 240 400
5d 100 BH32.10 25 18 67 +0.3 220 130 740
5e 50 BH32.10 25 48 56+ 0.9 220 105 800
5f 50 BH32.10 15 18 92+0.2 254 1000 310
59 50 BH32.10 5 48 33+0.4 254 65 190
5h 50 BH32.10 15 18 92+1.0 220 140 660
5i 50 BH32.10 15 18 99+0.2 220 55 670
5j 50 BH32.10 1.5 48 71+£1.2 220 75 710
5k 50 BH32.10 5 18 90+0.2 220 80 610
51 12 50 BH32.6 15 0.5 98+0.1 220 390 80
5m 50 BH32.6 5 48 91 £ 0.07 220 1000 760
5n 50 BH32.6 5 48 81+0.2 220 900 590
50 50 BH32.6 5 48 76+ 0.5 220 490 620
5p 50 BH32.10 15 18 97+0.3 220 130 435
5q 50 BH32.10 15 18 92+0.3 254 60 360
5r 50 BH32.10 25 48 99+0.3 220 240 345

5s 1000

5s+5t 50 BH32.10 5 24 89+0.1 220 300 5t 250

(11 10 mM acceptor was used in each reaction

[?l Reaction was performed in PBS pH 7.0
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7.3.2.3 Supplementary Information Table 2: SFC analytical methods.

Column

Flow (mL.mint)

Mobile Phase (% MeOH in CO,)

Run Time (min)

3 Daicel 80S82 CHIRALPAK ® IA-3, 3 mm, 50 mm 1 35% 1
5a Daicel 80S82 CHIRALPAK ® IG-3, 3 mm, 50 mm 1 5-10% (3min), 10% (7min) 10
5b Daicel 80S82 CHIRALPAK ® IA-3, 3 mm, 50 mm 1 25% 2
5¢ Daicel 80S82 CHIRALPAK ® 1G-3, 3 mm, 50 mm, 3 um 2 20% 2
5d Daicel 80S82 CHIRALPAK ® IA-3, 3 mm, 50 mm, 3 um 1 35% 1
5e Daicel 80S82 CHIRALPAK ® IC-3, 3 mm, 50 mm, 3 um 1 5% 5
5f Daicel 80S82 CHIRALPAK ® 1G-3, 3 mm, 50 mm, 3 um 1 20% 3
59 Daicel 80S82 CHIRALPAK ® IG-3, 3 mm, 50 mm, 3 um 1 5% 4
5h Daicel 80S82 CHIRALPAK ® IA-3, 3 mm, 50 mm, 3 pm 1.2 3% 7
5i Daicel 80S82 CHIRALPAK ® IG-3, 3 mm, 50 mm, 3 um 1 20% 2.2
5j Daicel 80S82 CHIRALPAK ® IA-3, 3 mm, 50 mm, 3 pm 1.2 3% 6
5k Daicel 80S82 CHIRALPAK ® IG-3, 3 mm, 50 mm, 3 um 1 20% 2.2
51 Daicel 80S82 CHIRALPAK ® IA-3, 3 mm, 50 mm, 3 pm 1 10% 5
5m Daicel 80S82 CHIRALPAK ® IC-3, 3 mm, 50 mm, 3 um 1 10% 5
5n Daicel 80S82 CHIRALPAK ® IC-3, 3 mm, 50 mm, 3 um 1 20% 2
50 Daicel 80S82 CHIRALPAK ® IC-3, 3 mm, 50 mm, 3 um 1 15% 2
5p Daicel 80S82 CHIRALPAK ® IC-3, 3 mm, 50 mm, 3 um 25 3% 10
5q Daicel 80S82 CHIRALPAK ® IG-3, 3 mm, 50 mm, 3 um 1.2 20% 5
5r Daicel 80S82 CHIRALPAK ® IA-3, 3 mm, 50 mm, 3 pm 15 5% 5
5s+5t | Daicel 80S82 CHIRALPAK ® IC-3, 3 mm, 50 mm, 3 um 2 5% 8
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7.4 Supporting Information for Chapter 5: Design and Evolution of an Enzyme with a Non-

Canonical Organocatalytic Mechanism
7.4.1 Methods

7.4.1.1 Materials

All chemicals and biological materials were obtained from commercial suppliers. Lysozyme, DNase
I, kanamycin and chloramphenicol were purchased from Sigma-Aldrich; polymyxin B sulfate from
AlfaAesar; LB agar, LB media, 2xYT media and arabinose from Formedium; Ns-methylhistidine (Me-
His; H-His(3-Me)-OH) from Bachem; Escherichia coli DH10B from Thermo Fisher; E. coli 5 alpha,
Q5 DNA polymerase, T4 DNA ligase and restriction enzymes from New England BioLabs; and

oligonucleotides were synthesised by Integrated DNA Technologies.

7.4.1.2 Construction of pBbE8k_BH32 and variants

The gene encoding BH32 was subcloned from a pET29_BH32 construct (a gift from D. Baker) into
a pBbES8k vector[1] modified to include a 6xHis tag following the Xhol restriction site. The BH32 gene
was inserted using Ndel and Xhol restriction sites to yield pBbE8k_ BH32. The His23Me-His mutation
was introduced by replacing the His23 codon with a TAG stop codon. His23Me-His and His23Ala
mutations were introduced into the pBbE8k BH32 construct using QuikChange site-directed
mutagenesis to yield pBbE8k_OE1 and pBbE8k BH32-H23A, respectively. Similarly, Tyr4d5Phe and
Asn46Glu mutations were introduced into the pBbE8K _OE1.3 construct to generate pBbE8k _OE1.3-
Y45F and pBbE8k_OE1.3-N46E, respectively.

7.4.1.3 Construction of pEVOL_PyIRSwme-ris'tRNAcua

The Methanosarcina mazei analogue of Methanosarcina barkeri PylHRS18 (Mm
Leu305lle/Tyr306Phe/Leu309Gly/ Cys348Phe/Tyr384Phe) was prepared by overlap extension PCR.
Two copies of the gene were cloned into pEVOL using Bglll/Sall and Ndel/Pstl restriction sites. The

vector also contained the M. mazei tRNAcua.

7.4.1.4 Construction of pET29_CUT190

The CUT190 variant used in this study contains Ser226Pro and Arg228Ser mutations, which are
reported to improve the thermostability of the enzyme and its activity towards p-nitrophenyl butyrate
hydrolysis.[2] The E. coli-optimised gene (synthesised by Integrated DNA Technologies) was cloned
into pET29 using Ndel and Xhol restriction sites to yield pET29 CUT190.

7.4.1.5 Protein production and purification.

For expression of BH32 and BH32(H23A), chemically competent E. coli DH10B were transformed
with pBbE8k_BH32 and pBbE8k_BH32-H23A. Single colonies of freshly transformed cells were
cultured for 18 h in 10 ml LB medium containing 50 pg mi~t kanamycin. Starter cultures (500 pl) were
used to inoculate 50 ml 2xYT medium supplemented with 50 pg mi~* kanamycin. Cultures were
grown at 37 °C, 200 r.p.m. to an optical density at 600 nm (ODsoo) of around 0.5. Protein expression

was induced with the addition of L-arabinose to a final concentration of 3.33 mM.
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For the expression of OE1 and its variants, chemically competent E. coli DH10B cells containing
PEVOL_PyIRSwe-His/tRNAcua were transformed with the appropriate pBbE8k construct and protein
was produced as described for BH32 but with the addition of chloramphenicol (25 pg mi-1). Me-His
(10 mM final concentration) was added to the culture before induction.

Induced cultures were incubated for 20 h at 25 °C and the cells were subsequently collected by
centrifugation (3,220¢g for 10 min). Pelleted cells were resuspended in lysis buffer (50 mM HEPES,
300 mM NacCl, pH 7.5 containing 20 mM imidazole) and subjected to sonication. Cell lysates were
cleared by centrifugation (27,216g for 30 min) and supernatants were subjected to affinity
chromatography using Ni-NTA Agarose (Qiagen). His-tagged variants were eluted using 50 mM
HEPES, 300 mM NacCl, pH 7.5 containing 250 mM imidazole. Purified proteins were desalted using
10DG desalting columns (Bio-Rad) with PBS pH 7.4 and analysed by SDS—PAGE. Proteins were
further purified by size-exclusion chromatography using a Superdex 200 column (GE Healthcare) in
PBS pH 7.4. Proteins were aliquoted, flash-frozen in liquid nitrogen and stored at —80 °C. Protein
concentrations were determined assuming an extinction coefficient of 25,900 M~ cm™ at 280 nm.
For expression of CUT190, chemically competent E. coli BL21(DE3) were transformed with
pET29_CUT190. A single colony of freshly transformed cells was cultured for 18 h in 10 ml LB
medium containing 50 pug mi~* kanamycin. Starter culture (5 ml) was used to inoculate 500 ml 2xYT
medium supplemented with 50 ug mi~* kanamycin. Cultures were grown at 37 °C, 200 r.p.m. to an
ODeoo of approximately 0.5. Protein expression was induced with the addition of IPTG to a final
concentration of 0.1 mM and the culture was grown for a further 20 h at 18 °C. Protein was purified
as described above. Protein concentrations were determined assuming an extinction coefficient of
38,390 M1 cm at 280 nm.

7.4.1.6 Inhibition of BH32 and OE1 variants

BH32 and OE1l variants (10 uM) were inhibited following incubation at 22 °C with 2-
bromoacetophenone (1.0 mM) in PBS pH 7.4 with 3% acetonitrile. Time-resolved inhibition was
confirmed by evaluating the hydrolytic activity of aliquots towards fluorescein 2-phenylacetate.
Samples taken at 2 h and 4 h time points were diluted in PBS pH 7.4 and the buffer was exchanged
using 10DG desalting columns (Bio-Rad). Inhibited proteins were evaluated by mass spectrometry
and X-ray crystallography. Inhibition of BH32 and OE1 variants led to mixtures of proteins with single,
double and triple modifications (determined by mass spectrometry, Extended Data Table 2). To avoid
non-specific alkylations, Cys125, Cys186 and Cys212 were mutated to alanine in OE1.2, and Cys186
and Cys212 were mutated to alanine in OE1.3. Esterase activity was unaffected by these cysteine
mutations (Extended Data Figure 6) and inhibition of these variants with 2-bromoacetophenone led
to proteins with predominantly a single modification (greater than 80%). Consequently, crystal
structures of apo and inhibited OE1.2 and OE1.3 were solved as their
Cys125Ala/Cys186Ala/Cys212Ala and Cys186Ala/Cys212Ala variants, respectively.

7.4.1.7 Mass spectrometry
Purified protein samples were buffer-exchanged into 0.1% acetic acid using a 10k MW CO Vivaspin
(Sartorius) and diluted to a final concentration of 0.5 mg ml~1. Mass spectrometry was performed

using a 1200 series Agilent LC, 5 pl injection into 5% acetonitrile (with 0.1% formic acid) and desalted
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inline for 1 min. Protein was eluted over 1 min using 95% acetonitrile with 5% water. The resulting
multiply charged spectrum was analysed using an Agilent QTOF 6510 and deconvoluted using

Agilent MassHunter Software.

7.4.1.8 Library construction and screening

Round 1: combinatorial active-site saturation testing (CASTing). Five CASTing libraries
(Alal9/Ser22, Tyrd5/Glu46, Tyr87/ Trp88, Met94/Ser95 and Aspl25/GIn128) were prepared by
overlap extension PCR using pBbE8k_OE1l as a template and degenerate primer pairs (22
codons).[3] The linear library fragments and the modified pBbE8k vector were digested using Ndel
and Xhol endonucleases, gel-purified and subsequently ligated using T4 DNA ligase. The most
active clone from the first round of mutagenesis and screening (pBbE8k OE1.1) served as the

template for a second round of diversification by epPCR.

Round 2: random mutagenesis using error-prone PCR followed by saturation mutagenesis of
identified ‘hot spots’. The library was generated by error-prone PCR of the entire gene using a JBS
Error-Prone Kit (Jena Bioscience) according to the manufacturer’s protocol. PCR conditions were
adjusted to generate an average of 2.5 mutations per gene. The gene was cloned as described
above. Variants with improved activity contained mutations at the following positions: Leu42, Glu46,
Pro63, Glul00, His117, GIn128, Phel32, Leul33, Trp209. These identified ‘hot spots’ were
subsequently randomised using cassette mutagenesis. Two positions were randomised
simultaneously in the Leu42/Glu46 and Phel32/Leul33 libraries, and all other positions were
randomised individually. All libraries were generated by overlap extension PCR using
pBbE8k_OE1.1 as a template and degenerate primer pairs (22 codons). The most active clone
pBbE8k_OE1.2 served as the template for the next round of diversification by iterative cassette

mutagenesis at 21 individual amino acid positions.

Rounds 3 and 4: iterative cassette mutagenesis. Residues in the active-site region and those on
flexible loops were targeted by saturation mutagenesis (residues randomised during each round of
evolution are highlighted in Extended Data Figure 2). DNA libraries were constructed by standard
overlap extension PCR using degenerate primer pairs (NNK codons). Genes were cloned as

described above.

7.4.1.9 Shuffling by overlap extension PCR

After each round of evolution, beneficial diversity was combined by DNA shuffling of fragments
generated by overlap extension PCR. Primers were designed that encoded either the parent amino
acid or the identified mutation. These primers were used to generate short fragments (up to 6) which
were gel-purified and mixed appropriately in overlap extension PCR to generate genes containing all

possible combinations of mutations (from 2-5 mutations). Genes were cloned as described above.

7.4.1.10 Library screening
For protein expression and screening, all transfer and aliquotting steps were performed using

Hamilton liquid-handling robots. Chemically competent E. coli 5-alpha cells containing
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PEVOL_PyIRSwe-His/tRNAcua were transformed with the ligated libraries. Freshly transformed clones
were used to inoculate 300 pl of 2xYT medium supplemented with 50 pug mi~1 kanamycin and 25 pg
ml~1 chloramphenicol in 96-deep-well plates. For reference, each plate contained six freshly
transformed clones of the parent template and two clones containing an empty vector. Plates were
incubated overnight at 30 °C, 80% humidity in a shaking incubator at 950 r.p.m. 20 pl of overnight
culture was used to inoculate 500 pl 2xYT medium supplemented with 25 pg mi~* kanamycin, 25 pg
ml~* chloramphenicol and 10 mM Me-His. The cultures were incubated for 2 h at 30 °C, 80% humidity
with shaking at 950 r.p.m. When the ODeoo reached approximately 0.5, L-arabinose was added to a
final concentration of 10 mM and plates were incubated for a further 20 h. Subsequently, cells were
diluted with the addition of 1.8 ml of LB media and then collected by centrifugation at 2,900g for 10
min. The supernatant was discarded and the pelleted cells were re-suspended in 400 pl lysis buffer
(PBS pH 7.4 buffer supplemented with 1.0 mg ml~! lysozyme, 0.5 mg ml* polymyxin B and 10 ug
mli~! DNase 1) and incubated for 2 h at 30 °C, 80% humidity with shaking at 950 r.p.m. Cell debris
was removed by centrifugation at 2,900g for 10 min. For screening, 100 pul clarified lysate was
transferred to 96-well microtitre plates containing 80 ul PBS pH 7.4, reactions were initiated by the
addition of 20 pl PBS containing fluorescein 2-phenylacetate (70 uM final concentration, rounds 1—
3) or fluorescein (R)-2-phenylpropanoate (70 uM final concentration, round 4) and acetonitrile (3%
final concentration). Formation of the fluorescein product was monitored over 30 min by absorbance
at 500 nm using a CLARIOstar plate reader (BMG Labtech). The most active clones from each round
were rescreened in triplicate. Expression and screening were performed as described above but

from glycerol stocks prepared from the original overnight cultures.

7.4.1.11 Steady-state kinetic assays

Kinetic assays were performed using fluorescein 2-phenylacetate (5-100 puM) and enzyme
(concentration of 1 pM for BH32, BH32(His23Ala), OE1l, OE1.1, OE1.3(Tyr45Phe) and
OE1.3(Asn46Glu); 0.5 uM for OE1.2 and OE1.3; and 0.2 uM for CUT190) in PBS pH 7.4 with 3%
DMSO as a co-solvent. Initial rates were measured at 500 nm using a Cary 50Bio UV-vis
spectrophotometer (Varian) at 22 °C, using a Ag500 (change in molar extinction coefficient at 500
nm) of 43.5 mM~ cm™ (as determined from standard curves of fluorescein and fluorescein 2-
phenylacetate) to convert absorbance into product concentration. The data were corrected for the
buffer-catalysed background reaction measured under the same conditions (Extended Data
Figure 5d). Assays with BH32, OE1 and variants were performed in triplicate and the averaged initial
rates were fitted to the Michaelis-Menten equation using Origin software (Extended Data Figure 3).
CUT190 assays were also performed in triplicate but the averaged initial rates were fitted to a Hill
equation using the Origin software (Extended Data Figure 3). Representative time courses for the
hydrolysis of 100 pM fluorescein 2-phenylacetate are shown in Figures 1b, 2c.

Kinetic assays were performed using single enantiomers of fluorescein 2-phenylpropanoate (5-60
UM for OE1.3 and 1.25-60 uM for OE1.4) and enzyme (concentration of 1 uM for OE1.3 and 0.5 uM
for OE1.4) in PBS pH 7.4 with 3% DMSO as a co-solvent. Initial rates were measured at 500 nm at
22 °C using a Ae500 = 47.0 MM cm™ (as determined from standard curves of fluorescein and
fluorescein 2-phenylpropanoate) to convert absorbance into product concentration. Averaged initial

rates for OE1.3 were fitted to a Michaelis-Menten equation and the rates for OE1.4 were fitted to a
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Michaelis-Menten equation with substrate inhibition (y = keat X X / (Km + X(1 + x/Kj))) using Origin
software (Extended Data Figure 4).

To determine the rate constant of fluorescein 2-phenylactetate hydrolysis catalysed by the
nucleophiles Me-His, DMAP and N-methylimidazole, reactions were performed using a fixed
concentration of fluorescein 2-phenylactetate (50 uM) and varying concentrations of nucleophile
(0.5-1 mM). Linear fits of averaged initial rates versus nucleophile concentration were used to derive

bimolecular rate constants kwe-+is, Komap and knwi (Extended Data Figure 5).

7.4.1.12 Substrate profiling of OE1 and OE1.3

Assays were performed using fluorescein esters 2—7 (100 uM) and purified enzyme in PBS pH 7.4
with 3% DMSO as a co-solvent. Initial rates were measured at 500 nm using a Cary 50Bio UV-vis
spectrophotometer at 22 °C, using a Ae500 to convert absorbance into product concentration. The
data was corrected for the buffer-catalysed background reaction measured under the same
conditions. For details of enzyme concentrations, extinction coefficients and the rates of background

hydrolysis for each substrate, see Extended Data Table 1.

7.4.1.13 General method for the synthesis of fluorescein esters from the corresponding acid
chloride[4]
Fluorescein sodium salt (0.53 mmol, 1 equiv.) and zinc chloride (0.13 mmol, 0.25 equiv.) were stirred
in dry DMF (10 ml) at room temperature. The corresponding acid chloride (0.53 mmol, 1 equiv.) was
added dropwise and the reaction was stirred overnight at room temperature. The reaction mixture
was diluted with ethyl acetate (70 ml) and washed with 1 M HCI (2 x 50 ml) and brine (1 x 50 ml).
The organic layer was dried over MgSO4, filtered and the solvent removed in vacuo to give the crude
product.
Fluorescein 2-phenylacetate (1)
The crude product was purified by flash column chromatography (1:1 ethyl acetate:cyclohexane) to
give the product as a yellow oil (118 mg, 49%). EI-MS m/z =451 [M + H]+. 1 H NMR (400 MHz,
CDCI3) 6 8.02 (1H, d, J = 7.8 Hz, CH), 7.63 (2H, m, 2 x CH), 7.35 (5H, m, Ph), 7.09 (1H, d, J = 6.9
Hz, CH), 7.03 (1H, d, J = 1.3 Hz, CH), 6.76 (2H, m, 2 x CH), 6.66 (1H, d, J = 2.4 Hz, CH), 6.57 (1H,
d,J=8.7 Hz, CH), 6.50 (1H, dd, J = 8.7, 2.4 Hz, CH), 3.89 (2H, s, CH2); 13C NMR (100 MHz, CDCI3)
5 170.0, 170.0, 158.1, 153.0, 152.1, 151.8, 151.8, 135.3, 132.9, 129.9, 129.3, 129.1, 129.1, 128.8,
127.5, 126.3, 125.1, 124.0, 117.2, 116.6, 112.6, 110.4, 110.3, 103.1, 83.0, 41.3.
Fluorescein 4-methoxyphenylacetate (2)
The crude product was purified by flash column chromatography (1:1 ethyl acetate: cyclohexane) to
give the product as a yellow oil (45 mg, 18%). EI-MS m/z = 481 [M + H]+. 1 H NMR (400 MHz, CDCI3)
08.02 (1H,d, J =7.1 Hz, CH), 7.64 (2H, m, 2 x CH), 7.29 (2H, d, J =8.6 Hz, 2 x CH), 7.12 (1H, d, J
= 7.3 Hz, CH), 7.04 (1H, d, J = 1.6 Hz, CH), 6.91 (2H, d, J = 8.6 Hz, 2 x CH), 6.76 (2H, m, 2 x CH),
6.69 (1H, d, J = 2.3 Hz, CH), 6.61 (1H, d, J = 8.8 Hz, CH), 6.52 (1H, dd, J = 8.9, 2.3 Hz, CH), 5.65
(1H, br s, OH), 3.82 (3H, s, CH3), 3.82 (2H, s, CH2); 13C NMR (100 MHz, CDCI3) & 170.0, 169.5,
159.0, 157.7, 153.0, 152.2, 151.9, 151.8, 135.2, 130.3, 129.9, 129.3, 129.0, 126.4, 125.1, 125.0,
124.0,117.3,116.7, 114.2, 112.5, 111.0, 110.3, 103.1, 82.6, 55.3, 40.5.
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Fluorescein 4-fluorophenylacetate (3)

The crude product was purified by flash column chromatography (1:1 ethyl acetate: cyclohexane) to
give the product as a yellow oil (73 mg, 29%). Electron ionization mass spectrometry (EI-MS) m/z
=469 [M + H]+. 1 H NMR (400 MHz, CDCI3) 6 8.02 (1H, d, J = 7.2 Hz, CH), 7.64 (2H, m, 2 x CH),
7.35 (2H, dd, J = 8.4 Hz, 5.4 Hz, 2 x CH), 7.07 (4H, m, 4 x CH), 6.76 (2H, m, 2 x CH), 6.67 (1H, d,
J=2.2Hz, CH), 6.58 (1H, d, J = 8.7 Hz, CH), 6.51 (1H, dd, J = 8.4, 2.3 Hz, CH), 3.86 (2H, s, CH2);
13C NMR (100 MHz, CDCI3) 5 169.9, 169.7, 162.2 (d, J = 245 Hz, C-F), 158.0, 153.0, 152.1, 151.8,
151.8, 135.3, 130.9 (d, J = 8 Hz, C-F), 129.9, 129.2, 129.1, 128.6 (d, J = 3 Hz, C—F), 126.3, 125.1,
124.0, 117.1, 116.7, 115.7 (d, J = 22 Hz, C-F), 112.6, 110.5, 110.2, 103.1, 82.9, 40.4.

Fluorescein 2-thiopheneacetate (4)

The crude product was purified by flash column chromatography (1:1 ethyl acetate:cyclohexane) to
give the product as a yellow oil (116 mg, 48%). EI-MS m/z =457 [M + H]+. 1 H NMR (400 MHz,
CDCI3) 6 8.03 (1H, d, J = 7.2 Hz, CH), 7.65 (2H, m, 2 x CH), 7.28 (1H, m, CH), 7.12 (1H,d,J=7.3
Hz, CH), 7.06 (2H, m, 2 x CH), 7.01 (1H, m, CH), 6.79 (2H, s, 2 x CH), 6.69 (1H, d, J = 2.3 Hz, CH),
6.60 (1H, d, J = 8.4 Hz, CH), 6.52 (1H, dd, J = 8.7, 2.4 Hz, CH), 6.30 (1H, br s, OH), 4.11 (2H, s,
CH2); 13C NMR (100 MHz, CDCI3) 6 170.0, 168.8, 158.1, 153.0, 152.1, 151.8, 151.7, 135.3, 133.8,
129.9, 129.2, 129.1, 127.3, 127.0, 126.3, 125.5, 125.1, 124.0, 117.1, 116.7, 112.6, 110.4, 110.2,
103.1, 83.0, 35.5.

Fluorescein naphthalen-2-yl-acetate (5)

The crude product was purified by flash column chromatography (1:1 ethyl acetate:cyclohexane) to
give the product as a yellow oil (106 mg, 40%). EI-MS m/z =501 [M + H]+. 1 H NMR (400 MHz,
CDCI3) 6 8.02 (1H, d, J = 6.7 Hz, CH), 7.85 (4H, m, 4 x CH), 7.62 (2H, m, 2 x CH), 7.50 (3H, m, 3 x
CH), 7.07 (1H, d, J = 6.9 Hz, CH), 7.03 (1H, s, CH), 6.76 (2H, s, 2 x CH), 6.64 (1H, d, J = 2.3 Hz,
CH), 6.57 (1H, d, J = 8.7 Hz, CH), 6.52 (1H, br s, OH), 6.49 (1H, dd, J = 8.7, 2.5 Hz, CH), 4.05 (2H,
s, CH2); 13C NMR (100 MHz, CDCI3) & 170.0, 170.0, 158.1, 153.0, 152.0, 151.8, 151.8, 135.3,
133.4, 132.6, 130.3, 129.9, 129.1, 129.1, 128.5, 128.2, 127.7, 127.7, 127.1, 126.3, 126.3, 126.1,
125.1,124.0,117.2, 116.6, 112.6, 110.3, 110.3, 103.1, 83.1, 41.5.

General method for the synthesis of fluorescein esters from the corresponding carboxylic
acid

Acid (1 mmol, 1 equiv.) was dissolved in dry acetonitrile (10 ml), dicyclohexylcarbodiimide (1.1 mmol,
1.1 equiv.) was added and the mixture was cooled to 0 °C. Fluorescein (1.2 mmol, 1.2 equiv.) was
added and the reaction mixture was stirred for 15 min at 0 °C, then at room temperature overnight.
The reaction was diluted with ethyl acetate (70 ml), washed with 1 M HCI (2 x 50 ml) and then brine
(1 x 50 ml). The organic layer was dried over MgSO4, filtered and the solvent removed in vacuo to
yield the crude product.

Fluorescein 2-furanacetate (6)

The crude product was purified by flash column chromatography (1:1 ethyl acetate:cyclohexane) to
give the product as a yellow oil (24 mg, 6%). EI-MS m/z = 441 [M + H]+. 1 H NMR (400 MHz, CDCI3)
58.03 (1H, d, J = 7.1, CH), 7.66 (2H, m, 2 x CH), 7.42 (1H, d, J = 1.0 Hz, CH), 7.16 (1H, d, J = 7.5,
CH), 7.10 (1H, s, CH), 6.80 (2H, d, J = 1.1 Hz, 2 x CH), 6.73 (1H, d, J = 2.4 Hz, CH), 6.65 (1H, d, J
= 8.6 Hz, CH), 6.55 (1H, dd, J = 8.4, 2.4 Hz, CH), 6.37 (2H, m, 2 x CH), 3.96 (2H, s, CH2); 13C NMR
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(100 MHz, CDCI3) & 169.6, 167.5, 157.8, 153.0, 152.1, 151.8, 151.7, 146.5, 142.5, 135.2, 129.9,
129.3,129.1, 126.4,125.1,124.0, 117.2,116.8, 112.5, 110.9, 110.7, 110.3, 108.6, 103.1, 82.6, 34.2.
(R)- and (S)-Fluorescein 2-phenylpropanoate (7)

The crude products were purified by flash column chromatography (1:1 ethyl acetate:cyclohexane)
to give (R)-7 (42 mg, 9%) and (S)-7 (51 mg, 11%) as yellow oils. EI-MS m/z =465 [M + H]+. 1 H
NMR (400 MHz, CDCI3) 8 8.01 (1H, d, J = 7.5 Hz, CH), 7.64 (2H, m, 2 x CH), 7.34 (5H, m, Ph), 7.07
(1H, m, CH), 6.96 (1H, m, CH), 6.76—6.63 (3H, m, 3 x CH), 6.58 (1H, dd, J = 8.7 Hz, 1.2 Hz, CH),
6.51 (1H, m, CH), 3.99 (1H, g, J = 7.1 Hz, CH), 1.63 (3H, dd, J = 7.2, 1.5 Hz, CH3); 13C NMR (100
MHz, CDCI3) 6 173.0, 169.9, 158.1, 153.0, 152.1, 151.9, 151.8, 139.5, 135.3, 129.9, 129.1, 129.0,
128.9, 128.9, 127.6, 127.5, 127.5, 126.3, 125.1, 124.0, 117.1, 117.1, 116.5, 112.6, 110.4, 110.2,
110.2,103.1, 83.0, 45.6, 45.6, 18.4, 18.4.

7.4.1.14 Crystallization, refinement and model building

Crystals of OE1 variants were prepared by mixing 200 nl of 10 mg mi~! protein in PBS buffer pH 7.4
with equal volumes of precipitant. All trials were conducted by sitting-drop vapour diffusion and
incubated at 4 °C. Protein crystallization conditions are given in Supplementary Table 2. All crystals
were cryoprotected by the addition of 10% PEG 200 to the mother liquor and flash-cooled in liquid
nitrogen. Data were collected from single crystals at Diamond Light Source and subsequently scaled
and reduced with Xia2. Preliminary phasing was performed by molecular replacement in Phaser
using a search model derived from wild-type BH32 (PDB code: 2UW6). Iterative cycles of rebuilding
and refinement were performed in COOT and Phenix.refine,[5] respectively. Structure validation with
MolProbity and PDBREDO were integrated into the iterative rebuild and refinement process.
Complete data collection and refinement statistics can be found in the Supplementary information.
Coordinates and structure factors have been deposited in the Protein Data Bank under accession
numbers 6Q7N, 6Q70, 6Q7P, 6Q7Q and 6Q7R. In silico mutagenesis was performed using ICM Pro

to derive model of engineered OE1.4.

7.4.1.15 Data availability
Coordinates and structure factors have been deposited in the Protein Data Bank under accession
numbers 6Q7N, 6Q70, 6Q7P, 6Q7Q and 6Q7R.
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7.4.2 Extended Data
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7.4.2.1 Extended Data Figure 1: Kinetic characterization of BH32. Michaelis—Menten plot
showing the rate of His23 acylation (the ‘burst phase’) with varying concentrations of
fluorescein 2-phenylacetate. Averaged initial rates were fitted to the Michaelis—Menten equation to
derive rate constant kobs 1.3 = 0.03 min~! and the enzyme—substrate dissocation constant Ks 30.9 +

1.8 uM (R? = 0.99). Data are mean = s.d. of measurements made in triplicate.
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Most active variant following

Round Description Positions Mutated 5
gene shuffling
A19/S22 (blue), Y45/E46 (orange), .
1 CASTIHiy Gieting e Sctvesits.  YSTIWSS (red,) MOAISSS (green), ot 522M H23Me-His D1250
D125/Q128 (purple)
Random mutagenesis: entire gene
Random mutagenesis followed Saturation mutagenesis: L42/E46 A19H S22M H23Me-His E46N
2 by saturation mutagenesis at (red), F132/L133 (blue), P63, E100, P63G D125C
identified ‘hotspots’ H117, Q128, W209 (green)
. 3 B8, 110, N, K8, Foa, T45, Fb, L10P A19H S22M H23Me-His
Saturation mutagenesis Y79, F87, F81, S91, Q96, Y98, E46N P63G D125G
3 targeting active site positions and D125, M130, L133, L136, F154,
residues in flexible loop regions K167, E174, K202
) . D8, S9, G11, N14, V16, M27, L31, L10P N14Q A19H S22M
Saturation mutagenesis Y45, F53, Y56, L64, L68, Y98, H23Me-His E46N P63G S124L
4 targeting active site positions and T122, S124, M130, L136, F154, )

residues in flexible loop regions

D180, P182

D125G D180F

7.4.2.2 Extended Data Figure 2: Evolutionary strategy used to generate OE1.3 and OE1.4.
Structures showing the amino acid positions randomised during each round of evolution. The Me-
His residue is shown in ball-and-stick representation and targeted residues are represented as
spheres. a) The round 1 library was prepared by randomising active-site residues in pairs
Alal9/Ser22 (blue) Tyr45/Glu46 (orange) Tyr87/Trp88 (red) Met94/Ser95 (green) and
Aspl125/GIn128 (purple). b) The round 2 library was prepared by random mutagenesis of the entire
gene. Variants with improved activity enabled the identification of ‘hot spots’, which were further
interrogated using saturation mutagenesis. Residues Leu42/Glu46 (red) and Phel32/Leul33 (blue)
were randomised simultaneously; all other positions were randomised individually (green). c) The
round 3 library was prepared by saturation mutagenesis, using NNK degenerate codons to
individually randomise 21 positions (see table). d) The round 4 library was prepared by saturation
mutagenesis, using NNK degenerate codons to individually randomise 20 positions (see table).
Libraries generated during rounds 1-3 were screened for activity towards fluorescein 2-
phenylacetate. The round 4 library was screened for activity towards fluorescein (R)-2-

phenylpropanoate.
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7.4.2.3 Extended Data Figure 3: Kinetic characterization of OE1, OE1 variants and CUT190. a-
f) Michaelis-Menten plots of fluorescein 2-phenylacetate hydrolysis catalysed by OE1 (a), OE1.1 (b),
OE1.2 (c), OE1.3 (d), OE1.3(N46E) (e) and OE1.3(Y45F) (f). g) A Hill plot of fluorescein 2-
phenylacetate hydrolysis catalysed by CUT190, n = 2.3 + 0.4. Data are mean * s.d. of measurements
made in triplicate. h) A table summarizing the kinetic parameters of OE1 and its variants, and the

cutinase variant Ser226Pro/Arg228Ser (CUT190).
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7.4.2.4 Extended Data Figure 4: Kinetic characterization of OE1.3 and OE1.4 towards the
hydrolysis of (R)- and (S)- fluorescein 2-phenylpropanoate. a) Michaelis-Menten plots of
fluorescein (R)-2-phenylpropanoate and fluorescein (S)-2-phenylpropanoate hydrolysis (shown in
black and red, respectively), catalysed by OEL1.3. The averaged initial rates were fitted to the
Michaelis-Menten equation using Origin software. b) Michaelis-Menten plots of fluorescein (R)-2-
phenylpropanoate and fluorescein (S)-2-phenylpropanoate hydrolysis (shown in black and red,
respectively) catalysed by OE1.4. The averaged initial rates were fitted to the equation for Michaelis-
Menten with substrate inhibition using Origin software. Data are mean + s.d. of measurements made
in triplicate. ¢) Table summarizing the kinetic parameters for the hydrolysis of both enantiomers of
fluorescein 2-phenylpropanoate catalysed by OE1.3 and OEl.4. Data are mean * s.d. of

measurements made in triplicate.
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7.4.2.5 Extended Data Figure 5: Rate constants of the hydrolysis of fluorescein 2-
phenylacetate catalysed by small-molecule nucleophilic catalysts. a—c) Linear plots showing
the rate of hydrolysis of fluorescein 2-phenylacetate catalysed by 3-methylhistidine (Me-His) kwve-is
= 0.35 M1 s71, R?2 = 0.99) (a), dimethylaminopyridine (komap = 1.13 M1 s71, R2 = 0.99) (b) and N-
methylimidazole (knmi = 1.16 M1 s71, R2 = 0.99) (c). d) Linear plot showing the rate of uncatalysed
fluorescein 2-phenylacetate hydrolysis (kobs = 5.9 x 10™* min~%, R2 = 0.98). Data are mean * s.d. of

measurements made in triplicate.
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7.4.2.6 Extended Data Figure 6: Comparison of the ester hydrolysis reaction catalysed by
OE1.3and OE1.3(C186A/C212A). Time course of the hydrolysis of fluorescein 2-phenylacetate (100
UM) catalysed by OE1.3 (purple) and OE1.3(C186A/C212A) (black) (0.1 uM) in PBS pH 7.4, 22 °C,
showing that the Cys186Ala and Cys212Ala mutations have a negligible effect on catalytic activity.
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7.4.2.7 Extended Data Figure 7: Structural characterization of inhibited BH32. A ball-and-stick
representation of H23 from BH32 inhibited with 2-bromoacetophenone, coloured by atom type with
H23 carbon atoms in yellow and acetophenone carbons in white. Clear FEM electron density (blue,

contoured at 10) extends between the N¢ of H23 and acetophenone.
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CORE CAP —
RMSD A RMSD A

BH32 Inhibited and

OE1.2 Inhibited 0.33 1.15

BH32 Inhibited and

— Cap
OE1.3 Inhibited

0.75 3.13

OE1.2 Inhibited and

OE1.3 Inhibited 0.74 3.41

L10P

— Core

7.4.2.8 Extended Data Figure 8: Structural characterization of inhibited BH32, OE1.2 and
OEL1.3. A global superposition of BH32-inhibited (purple), OE1.2-inhibited (blue) and OE1.3-inhibited
(green) structures performed using ICM Pro. The r.m.s.d. values (backbone atoms), derived from the
global superposition are calculated separately for the core and cap domains and are reported in the
table. BH32-inhibited and OEL.2-inhibited structures retain similar domain orientations, whereas

OEL1.3 undergoes a reorientation of the cap domain upon inhibition with 2-bromoacetophenone.
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7.4.2.9 Extended Data Table 1: Experimental conditions used for substrate profiling of OE1 and
OEL1.3.

Aggg Background hydrolysis

a 1
Substrate Enzyme Variant Enzyme Conc. (M) Vo/[E] (minT) (MM cm) (UM min*)

J OE1 4 0.16 £ 0.01
484 0.07 £ 0.005

M, OE1.3 0.25 5.0510.27

OE1 4 0.35£0.01

JOY
m 467 014001
. OE1.3 0.25 4854017
OE1 4 0.74£003
O/\n/ 446 0.65 £ 0.03
Y

OE1.3 0.25 6.46 + 0.38

Ar OE1 4 0.04 £ 0.003
50.1 0.05 + 0.002
5 OE1.3 0.5 1.32+0.07

OA
o
2
OAr
3 o
\ N OAr
S 4 o]
O,
o]
x OAr
0] 6 (o]
- OE1 10 0.03 + 0.002
47.0 0.04 + 0.005
O OE1.3 1 0.62 +0.03
: OE1 4 0.1+0.01

; OAr
47.0 0.04 + 0.005
()7 (o] OE1.3 1 0.41+0.04

OE1 4 0.39 £ 0.04
35.2 0.59 £ 0.04
OE1.3 2 3.31+0.10

Assay parameters used to determine the initial activity (vo/[E]) for OE1- and OEL.3-catalysed
reactions with a range of fluorescein esters.

aAr, fluorescein.
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7.4.2.10 Extended Data Table 2: Experimental and calculated masses of apo and inhibited

enzymes.

Variant Expected Mass Observed Mass
BH32 27635 27634
BH32 inhibited 27754 (1 modification) 27754
27873 (2 modifications) 27872
27992 (3 modifications) 27990
BH32 H23A 27569 27567
OE1 27649 27648
OE1.2 27692 27693
OE1.2 C125A C186A C212A 27596 27597
OE1.2 C125A C186A C212A 27715 (1 modification) 27715
inhibited
OE1.3 27630 27630
OE 1.3 C186A C212A 27566 27566
OE 1.3 C186A C212A 27685 (1 modification) 27685

inhibited

Mass spectrometry data for BH32 and OEL1 variants. Enzymes were alkylated with the mechanistic

inhibitor 2-bromoacetophenone.
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7.4.3 Supplementary Information

7.4.3.1 DNA and protein sequence of the most active variant OE1.3

Mutations from BH32: L10P A19H S22M H23Me-His E46N P63G D125G
ATGATTCGTGCGGTATTCTTTGATAGCCCGGGTACTCTGAATAGCGTTGAAGGTCATGCTAAA
ATGTAGCTGAAAATTATGGAGGAAGTGCTGGGTGACTATCCGCTGAACCCGAAAACCCTTCTT
GACGAATACAATAAACTGACCCGCGAAGCGTTCTCTAACTATGCGGGCAAACCGTATCGCGG
TCTGCGTGATATCCTGGAAGAAGTAATGCGTAAACTGGCGGAAAAGTACGGTTTCAAATACCC
TGAAAACTTCTGGGAAATCTCCCTGCGCATGTCTCAACGCTACGGCGAGCTGTACCCGGAAG
TGGTGGAAGTACTGAAATCTCTGAAAGGTAAATATCACGTTGGCATGATCACCGATTCGGGTA
CCGAGCAGGCCATGGCATTCCTGGACGCACTGGGCATCAAAGACCTGTTCGATTCCATCACC
ACGTCTGAAGAAGCTGGTTTCTTTAAACCGCACCCACGCATCTTCGAACTGGCTCTGAAGAAA
GCCGGCGTTAAAGGCGAGGAAGCAGTGTACGTTGGTGACAACCCGGTCAAAGACTGTGGTG
GTTCTAAGAACCTGGGTATGACTAGCATCCTGCTGGATCGTAAAGGTGAGAAACGTGAATTCT
GGGATAAGTGCGACTTTATCGTCTCCGACCTGCGCGAAGTTATTAAGATTGTTGACGAACTGA
ACGGTCAGGGCTCTCTCGAGCACCACCACCACCACCAC

MIRAVFFDSPGTLNSVEGHAKMMeHisLKIMEEVLGDYPLNPKTLLDEYNKLTREAFSNYAGKPYR
GLRDILEEVMRKLAEKYGFKYPENFWEISLRMSQRYGELYPEVVEVLKSLKGKYHVGMITDSGTE
QAMAFLDALGIKDLFDSITTSEEAGFFKPHPRIFELALKKAGVKGEEAVYVGDNPVKDCGGSKNLG
MTSILLDRKGEKREFWDKCDFIVSDLREVIKIVDELNGQGSLEHHHHHH
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7.4.3.2 DNA and protein sequence of cutinase CUT190 S226P/R228S
ATGCGTATTCGTCGTCAGGCAGGTACAGGTGCACGTGCGAGCATGGCACGCGCAATTGGTGT
TATGACCACCGCACTGGCAGTTCTGGTTGGTGCAGTTGGTGGTGTTGCCGGTGCAGAAGTTA
GCACCGCACAGGATAATCCGTATGAACGTGGTCCTGATCCGACCGAAGATAGCATTGAAGCA
ATTCGTGGTCCGTTTAGCGTTGCAACCGAACGTGTTAGCAGCTTTGCAAGCGGTTTTGGTGGT
GGCACCATCTATTATCCGCGTGAAACCGATGAAGGCACCTTTGGTGCCGTTGCAGTTGCACC
GGGTTTTACCGCAAGCCAGGGTAGCATGAGCTGGTATGGTGAACGTGTTGCCAGCCAGGGTT
TTATTGTTTTTACCATTGATACCAACACGCGTCTGGATCAGCCTGGTCAGCGTGGTCGTCAGC
TGCTGGCAGCACTGGATTATCTGGTTGAACGTAGCGATCGTAAAGTTCGTGAACGTCTGGACC
CGAATCGTCTGGCAGTTATGGGTCATAGCATGGGTGGTGGTGGTAGCCTGGAAGCAACCGTT
ATGCGTCCGAGCCTGAAAGCAAGCATTCCGCTGACACCGTGGAATCTGGATAAAACCTGGGG
TCAAGTTCAGGTTCCGACCTTTATCATTGGTGCAGAACTGGATACCATTGCACCGGTTAGCAC
CCATGCAAAACCGTTTTATGAAAGCCTGCCGAGCAGTCTGCCGAAAGCATATATGGAACTGGA
TGGTGCAACCCATTTTGCACCGAATATTCCGAATACCACCATTGCCAAATATGTGATTAGCTGG
CTGAAACGCTTTGTGGATGAAGATACCCGTTATAGCCAGTTTCTGTGTCCGAATCCGACAGAT
CGTGCAATTGAAGAATATCGTAGCACCTGTCCGTATCTCGAGCACCACCACCACCACCAC

MRIRRQAGTGARASMARAIGVMTTALAVLVGAVGGVAGAEVSTAQDNPYERGPDPTEDSIEAIRG
PFSVATERVSSFASGFGGGTIYYPRETDEGTFGAVAVAPGFTASQGSMSWYGERVASQGFIVFTI
DTNTRLDQPGQRGRQLLAALDYLVERSDRKVRERLDPNRLAVMGHSMGGGGSLEATVMRPSLK
ASIPLTPWNLDKTWGQVQVPTFIGAELDTIAPVSTHAKPFYESLPSSLPKAYMELDGATHFAPNIP

NTTIAKYVISWLKRFVDEDTRYSQFLCPNPTDRAIEEYRSTCPYLEHHHHHH
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7.4.3.3 Supplementary Information Table 1: Data collection and refinement statistics

BH32 OE1.2 OE1.3
OE1l OE1.3
Inhibited Inhibited inhibited
Wavelength 0.9795 0.9159 0.9 0.9795 0.9795
41.62 -
Resolution 2.019 41.43 -2.0 | 41.49 -1.96 40.81 -1.9 40.74 - 1.5
range (2.091 - (2.072 -2.0) | (2.03 -1.96) | (1.968 -1.9) | (1.554 -1.5)
2.019)
Space group P1211 P1211 P1211 P1211 P212121
34.571 33.9519 48.4707
34.1170.53 | 33.98 71.31
) 70.549 71.1252 72.9651
Unit cell 52.82 90 52.89 90
53.004 90 51.921590 | 75.1683 90 90
104.24 90 105.28 90
103.484 90 106.333 90 90
) 53729 53892 58622 276379
Total reflections 60932 (5912)
(5254) (5384) (5781) (27371)
Unique 15995 16357 17448
) 18693 (1841) | 43399 (4256)
reflections (1586) (1603) (1718)
Multiplicity 3.4 (3.3) 3.3(3.4) 3.4 (3.4) 3.3(3.2) 6.4 (6.4)
Completeness 97.97 99.36 99.46
99.61 (97.97) | 99.95 (99.91)
(%) (98.94) (99.38) (98.85)
) 17.83
Mean I/sigma(l) (2.03) 11.53 (2.04) | 11.15 (2.06) 11.56 (2.28) 16.63 (2.74)
Wilson B-factor 43.69 36.05 35.32 27.36 17.03
0.03619 0.06056 0.05641 0.05375 0.05312
R-merge
(0.5781) (0.564) (0.4798) (0.3962) (0.537)
0.04311 0.0723 0.0671 0.06441 0.05791
R-meas
(0.6888) (0.6713) (0.5697) (0.4787) (0.5846)
Roi 0.02318 0.03897 0.03599 0.03512 0.02278
-pim
P (0.3714) (0.3597) (0.3043) (0.2652) (0.2283)
0.999 0.998 0.998
CC1/2 0.998 (0.804) | 0.999 (0.874)
(0.837) (0.791) (0.827)
0.999
cc* 1 (0.955) 0.999 (0.94) 0.999 (0.944) 1 (0.966)
(0.951)
Reflections
. 15992 16351 17442
used in 18668 (1834) | 43388 (4254)
. (1584) (1603) a717)
refinement
Reflections
765 (74) 822 (80) 906 (98) 865 (92) 2208 (207)
used for R-free
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R ‘ 0.1965 0.1920 0.1720 0.1764 0.1568
-wor
(0.3013) (0.2761) (0.2434) (0.2385) (0.2059)
R.f 0.2360 0.2283 0.2136 0.2247 0.1797
-free
(0.3454) (0.3356) (0.2735) (0.2664) (0.2374)
0.954 0.948 0.969
CC(work) 0.966 (0.902) | 0.970 (0.914)
(0.642) (0.607) (0.892)
0.939 0.946 0.970
CC(free) 0.934 (0.793) | 0.965 (0.831)
(0.625) (0.445) (0.893)
Number of non-
1946 2062 2004 2037 2335
hydrogen atoms
macromolecules 1846 1951 1859 1865 2043
ligands 9 1 29 N/A 20
solvent 91 110 116 172 272
Protein residues 230 230 230 229 229
RMS(bonds) 0.002 0.002 0.005 0.008 0.013
RMS(angles) 0.44 0.51 0.74 0.71 1.14
Ramachandran
98.68 99.11 97.78 98.2 98.65
favoured (%)
Ramachandran
1.32 0.89 2.22 0.9 1.35
allowed (%)
Ramachandran
) 0 0 0 0.9 0
outliers (%)
Rotamer
) 35 1.88 3.54 0.51 1.36
outliers (%)
Clash score 1.08 1.53 3.73 2.94 4.58
Average B-
56.47 44.41 45.04 35.53 22.59
factor
macromolecules 56.23 44.3 44.76 34.9 20.66
ligands 69.99 38.14 55.44 N/A 36.44
solvent 59.83 46.45 47.03 42.41 36.05
Number of TLS
1 1 1 1 1

groups
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7.4.3.4 Supplementary Information Table 2: Mother liquor composition used for protein
crystallisation of BH32, OE1 and variants

BH32 Inhibited
0.2 M sodium

OE1l
0.16 M calcium

OE1.2 Inhibited

acetate trihydrate,

acetate hydrate,

0.05 M magnesium

OE1.3

OEZ1.3 Inhibited

0.1 M Tris pH 8.5, 30
% wiv PEG 4000

0.08 M sodium
cacodylate pH 6.5,
14.4 % wiv PEG
8000

sulfate heptahydrate,
0.1 M HEPES pH 7.5,
28 % v/v PEG Smear

Medium

0.2 M magnesium
chloride hexahydrate,
0.1 M sodium HEPES

pH 7.5, 30 % v/v

PEG 400

0.02 M calcium
chloride dihydrate
0.1 M sodium
acetate pH 4.6, 30 %
viv MPD
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7.4.3.5 NMR Spectra
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2 —H NMR (400 MHz, CDCls)
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3 —'H NMR (400 MHz, CDCls)
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4 —'H NMR (400 MHz, CDCls)
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5 —1H NMR (400 MHz, CDCls)
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6 —H NMR (400 MHz, CDCls)
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Chapter 8: Engineering an Efficient and Enantioselective Enzyme for the

Morita-Baylis-Hillman Reaction

Manuscript accepted in Nature Chemistry, June 2021
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Levy?!, David Baker234, Sarah L. Lovelock!"and Anthony P. Green?*

IManchester Institute of Biotechnology, School of Chemistry, 131 Princess Street, University of
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8.1 Foreword
This chapter consists of a research article accepted in Nature Chemistry in June 2021 and describes

the design and evolution of an enantioselective biocatalyst for the Morita-Baylis-Hillman reaction.

8.2 Author Contributions

R.C carried out molecular biology, protein production, purification, crystallization & kinetic
characterization, and directed evolution experiments. A.E.C and R.C carried out organic synthesis
and substrate profiling of BH32 variants. R.C., A.J.B. and A.E.C. developed spectrophotometric
assays and performed enzyme-inhibition experiments. L.J. and S.H. carried out molecular docking
and DFT calculations. S.H. interpreted and analysed kinetic data. C.L. interpreted, analysed and
presented structural data. D.B. provided the BH32 design model. All authors discussed the results

and participated in writing the manuscript. A.P.G. and S.L directed the research.
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8.3 Manuscript

The combination of computational design and directed evolution could offer a general strategy to
create enzymes with new functions. To date, this approach has delivered enzymes for a handful of
model reactions, selected based on previous achievements with catalytic antibodies. Here we show
that new catalytic mechanisms can be engineered into proteins to accelerate valuable chemical
transformations for which no natural enzymes or catalytic antibodies are known. Evolutionary
optimization of a primitive design afforded a highly efficient and enantioselective enzyme (BH32.14)
for the Morita-Baylis-Hillman (MBH) reaction, a valuable multi-step carbon-carbon bond forming
process. BH32.14 is suitable for preparative scale transformations, accepts a broad range of
aldehyde and enone coupling partners, including challenging MBH substrates such as unsaturated
lactones, and is able to promote highly selective mono-functionalizations of dialdehydes.
Crystallographic, biochemical and computational studies reveal that the interplay of design and
evolution has led to a sophisticated catalytic mechanism comprising a His23 nucleophile paired with
a judiciously positioned Argl124. This catalytic arginine shuttles between conformational states to
stabilize multiple oxyanion intermediates and serves as a genetically encoded surrogate of privileged
bidentate hydrogen bonding catalysts (e.g. thioureas), which promote a wide range of reactions in
organic synthesis. This study makes us optimistic about the prospects of designing enzymes for
complex multi-step transformations not observed in Nature, but suggests that innovations in multi-
state design protocols are needed to account for conformational changes required for efficient

catalysis.

The ability to reliably design enzymes would have significant impacts across the chemical industry,
allowing the rapid delivery of new biocatalysts in response to diverse societal challenges.
Computational enzyme design is conceptually similar to catalytic antibody technology; in that it aims
to generate protein catalysts based on fundamental principles of transition state stabilization.?
However, in principle computational design offers a far more flexible approach, as it is not limited to
the antibody fold or reliant on the availability of an imperfect transition state mimic. Thus far,
computational algorithms have enabled the design of primitive catalysts for a handful of
transformations that have been optimized through laboratory evolution to deliver enzymes with
efficiencies approaching natural systems.?” Naturally, early efforts targeted simple model
transformations previously achieved with catalytic antibodies.®19 For example, highly effective
antibodies and enzymes have been created for the retro-aldol reaction,®71° which employ reactive
lysine residues reminiscent of natural type | aldolases. If we are to establish ‘bottom up’ enzyme
design as a reliable source of biocatalysts for practical applications, we must now move beyond the
functional capabilities of antibodies and develop enzymes for complex bimolecular chemical

processes.

The Morita-Baylis-Hillman (MBH) reaction (Figure 1A), involving the coupling of activated alkenes
(e.g. a,B-unsaturated carbonyl compounds) with carbon electrophiles (e.g. aldehydes), is an iconic
transformation in organic synthesis.’-13 This transformation provides a versatile and atom

economical approach to generate densely functionalized chiral building blocks for synthesis. MBH

169



reactions are typically promoted by small catalytic nucleophiles such as 1,4-
diazabicyclo[2.2.2]octane  (DABCO), 4-dimethylaminopyridine (DMAP) and imidazole.
Enantioselective versions of the MBH reaction have been developed by employing catalytic peptides,
quinidine derivatives, chiral DMAP surrogates or by pairing catalytic nucleophiles with chiral
hydrogen bond donors such as thioureas.1314 Although good selectivity can be achieved in
favourable cases, in other instances achieving high levels of stereo-control remains a considerable
challenge (e.g. with substrates 1 and 2 used in this study).1>16 Despite the great synthetic potential,
the practical utility of MBH reactions is further compromised by the low efficiencies achieved by
existing catalytic systems, which results in prolonged reaction times and the requirement for high
catalyst loadings. Given the enormous rate accelerations achieved by enzymes, biological catalysts
could offer a plausible solution to these long-standing challenges. However there are no catalytic
antibodies or known natural enzymes for the MBH reaction, although thymidylate synthase that
catalyzes the conversion of deoxyuridine monophosphate to deoxythymidine monophosphate
operates along similar mechanistic principles.” Only extremely low levels of promiscuous MBH
activity have been reported with a handful of proteins,18-20 with unspecific protein catalysis implicated

in a number of these cases.

In the absence of a suitable natural enzyme, we selected a primitive computationally designed
protein for the MBH reaction (BH32), as a starting template for evolutionary optimization.?* BH32
utilizes a histidine nucleophile (His23) built into the cap domain of haloacid dehalogenase from
Pyrococcus horikoshii by introducing 12 active site mutations predicted by the Rosetta software suite.
Other intended design features (Figure 1A) include: Glu46 to position and activate the His23 catalytic
nucleophile; an aromatic aldehyde binding pocket shaped by Phel32 and LeulO; GIn128 to serve
as an oxyanion-hole to stabilize the first covalent enzyme-substrate intermediate formed upon
reaction with 2-cyclohexen-1-one (Int 1); and an ordered water molecule bound through Ser22
designed to stabilize Int 2, formed following C-C bond formation, through hydrogen bonding. Despite
intensive design efforts, BH32 promotes the coupling of 2-cyclohexen-l-one (1) with 4-
nitrobenzaldehyde (2) with extremely low activity (kcat = 0.13 £ 0.01 hr1). This activity is dependent
on the His23 nucleophile, however comparison of the design model with the structurally
characterized protein reveals discrepancies, which compromise the intended design features and
likely contribute towards low efficiency. For example, key designed residues including His23 & Ser22
adopt altered conformational states from those predicted by design, while a shift of helix 126-132

alters the position of the designed GIn128 oxyanion hole.

A high-throughput spectrophotometric assay was developed to allow rapid evaluation of large
libraries of BH32 derivatives during evolution. This was achieved by modifying the MBH product 3
through acetylation of the C3 secondary alcohol to generate a dual function mechanistic inhibitor and
spectroscopic probe (4) (Figure 1B). Upon reaction with the His23 nucleophile, it was expected that
ElcB elimination of the acetoxy group would generate a stable, conjugated product suitable for
spectrophotometric detection. Indeed, incubation of BH32 with 4 resulted in the anticipated time
resolved spectral changes. The spectroscopic changes were made more pronounced to improve

assay sensitivity, by introducing a 4-OMe substituent to increase the degree of conjugation upon
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inhibition. Formation of a stable 1:1 protein-inhibitor complex was confirmed by MS analysis of the
intact protein (Table S1). No spectral or mass changes were observed with the BH32 His23Ala
variant, confirming the His23 catalytic nucleophile as the site of covalent attachment. Although this
assay doesn’t report on overall catalytic turnover, we anticipated that it would provide a useful tool
for MBHase engineering capable of reporting on key features of MBH catalysis, including
nucleophilicity of His23, stabilization of C1 oxyanion intermediates and shape complementarity

between the active site and the MBH product.
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Figure 1. A designed enzyme for the Morita-Baylis-Hillman (MBH) reaction and the
development of a dual function mechanistic inhibitor. A) Chemical scheme of the MBH reaction
between 1 and 2 catalysed by the computationally designed enzyme BH32.2! Intended design
features include a His23 nucleophile positioned by a hydrogen bond acceptor, and hydrogen bond
donors for oxyanion stabilization. B) Chemical scheme of BH32 inhibition with the mechanistic
inhibitor 4. Addition of the His23 nucleophile is followed by E1cB elimination of the acetoxy group,
generating a conjugated 1-system, which can be monitored by an increase in absorbance at 325
nm. The stereochemistry of the exocyclic double bond in the inhibited complex is unknown. The
wavelength scan shows the spectral changes that occur when BH32 (25 uM) is incubated with
inhibitor 4 (250 uM) for 40 minutes.
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The evolutionary strategy used for BH32 optimization included both local and global mutagenesis
(Figure S1): error-prone PCR was used to target the entire gene sequence leading to the
identification of ‘hot spots’ that were further interrogated as small focused libraries (Rounds 1-4, 10-
11 & 13-14); iterative cassette mutagenesis was used to individually randomize up to twenty positions
per round (Rounds 5-6, 8-9 & 12); and combinatorial active site saturation mutagenesis (CASTing)
was used to target active site residues (Round 2 & 7). Beneficial diversity identified during each round
was combined by DNA shuffling. The aforementioned spectrophotometric assay was used to rapidly
evaluate libraries during rounds 1-8 (Figure 2C). The most active (ca. 1%) clones identified during
each round were further evaluated as purified enzymes for MBH activity using HPLC analysis. The
correlation between increased rate of reaction with inhibitor 4 and improving MBH activity was
generally excellent. While the reaction of BH32 with inhibitor 4 takes > 60 mins to reach completion,
under identical conditions selective modification of BH32.8 is essentially complete within 1.5 minutes
(Figure 2C and Table S1). To further refine the catalytic mechanism, BH32.8 was subjected to an
additional six rounds of evolution using a HPLC assay to monitor the formation of MBH product 3

catalysed by individual variants arrayed as cell lysates in 96-well plates.

The most active variant to emerge following 14 rounds of evolution (BH32.14) contains 24 mutations
(Figure 2A). The relative activities of variants along the evolutionary trajectory were compared in
biotransformations of 1 (3 mM) and 2 (0.6 mM) using 3 mol% catalyst (Figure 2B). The starting variant
BH32 gave ~0.08 % conversion to product (3) after 4.5 hours (Table S2) which increased to only
0.4% following incubation for 22 h (Table 1, Entry 1). Furthermore, product formation was
accompanied by a substantial proportion of a competing aldol by-product S1 (5:1 ratio of 3:S1, Figure
S3). In contrast, under identical reaction conditions BH32.14 afforded 3 as the sole product in 58%
(Table 1, Entry 2) and 83% conversion (Table 1, Entry 3) after 4.5 hours and 22 hours, respectively.
For comparison, with commonly employed small molecule catalytic nucleophiles imidazole, DMAP
and DABCO, low but detectable conversions (<0.5%) are only achieved using high catalyst loadings
and prolonged reaction times (Table 1, Entry 7-9). This analysis shows how steady improvements
across the evolutionary trajectory have afforded an efficient MBHase that is >710-fold more active
than the starting design under these assay conditions. This improvement in catalytic performance is
primarily achieved through a substantial 160-fold increase in turnover number (Kcat = 0.35 + 0.03 min-
1and 0.13 + 0.01 hrtfor BH32.14 and BH32, respectively, Figure 2D). Although at this stage we
cannot differentiate between random and ordered binding mechanisms operating in BH32 and its
evolved variants, the magnitude of these kcar values is largely insensitive to the kinetic model used
(Table S3). Evolution has also resulted in modest improvements in apparent Ku values for both the
enone and aldehyde coupling partners (Kappizy = 2.6 £ 0.4 mM and 8.0 + 1.0 mM, Kgppz1 = 1.1 £ 0.2
mM and 1.8 + 0.2 mM for BH32.14 and BH32, respectively), meaning that substrate saturation is
more readily achieved in the evolved BH32.14 variant (Figure S2 and Table S3).
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Figure 2: Characterization of BH32, BH32.14 and selected variants. A) Structure showing the
amino acid positions mutated in BH32.14 (represented as spheres) mapped onto the structure of
haloacid dehalogenase from Pyrococcus horikoshii (PDB code: 1X42). Mutations introduced during
rounds 1-8 are shown in purple, rounds 9-12 in orange and rounds 13-14 in red. Position Asn14 was
mutated twice (round 3 & 4) and is shown in purple, position GIn128 was mutated twice (round 5 &
14) and is shown in red. Computationally designed residues remaining following evolution are shown
in blue. The His23 catalytic nucleophile is shown in stick representation. B) Bar chart showing the
relative conversion (solid colour) and enantiomeric excess (hatched) achieved by selected variants
along the evolutionary trajectory. Biotransformations were performed using 1 (3 mM), 2 (0.6 mM)
and enzyme (18 uM), and analysed following 4.5 hours incubation (see Table S2 for conversion and
selectivity data). Error bars represent the standard deviation of measurements made in triplicate. C)
Time course for the inhibition of BH32.8 (25 uM, purple), BH32 (25 uM, blue) and BH32 H23A (25
MM, black) with inhibitor 4 (250 uyM) monitored at 325 nm. The black arrow indicates the time of
protein addition. D) Bar chart comparing the turnover number (kcat) of BH32 (blue), BH32.8 (purple),
BH32.12 (orange) and BH32.14 (red) for the MBH reaction between 1 and 2. Steady state kinetic
data (average of measurements made in triplicate at each substrate concentration) were fitted
globally using a kinetic model for two substrates with randomly ordered binding to extract kinetic
constants and associated errors (shown as error bars). Representative Michaelis-Menten plots at
fixed concentrations of 1 or 2 are also shown in Figure S2.

Although we didn’t explicitly select for improvements in enantioselectivity, evolution led to substantial
selectivity gains, with reactions catalysed by BH32 and BH32.14 affording (R)-3 in 20% and 93%
e.e., respectively (Figure 2B and Table S2). Kinetic improvements were evidently achieved by an
increasingly precise recognition of the rate-limiting transition state(s) leading to the formation of the

(R)-configured product. This selectivity compares favourably with the modest selectivities achieved
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for the synthesis of 3 by chiral small molecule catalysts.>16 We also explored the utility of BH32.14
for preparative scale biotransformations (Table 1, Entry 10). Significantly, while the enzyme is rather
intolerant to elevated MeCN concentrations, it readily tolerates 20 % DMSO as an organic cosolvent,
which allows reactions to be performed with increased substrate loadings (10 mM concentration of
2). High conversions (94%) and isolated yields (88%) are obtained within 19 h using only 0.5 mol%
catalyst loading to allow synthesis of several hundred milligrams of MBH product 3 (Figure S4).
Reactions using 0.1 mol% catalyst loading show that the enzyme is able to achieve >530 turnovers
(Figure S5). Interestingly, BH32.14 displays reduced, but appreciable levels of activity in up to 40%
DMSO (Table S4) and up to 50 °C (Figure S6), highlighting the potential for further reaction
intensification in the future. The high degree of solvent tolerance and mutational flexibility of the BH32
scaffold (12% of the protein was mutated during computational design and evolution) is noteworthy,
and likely reflects the stability of the starting scaffold, which originates from a hyperthermophilic
organism that grows optimally at 98 °C.2223

Table 1: The MBH reactions of 1 and 2 catalysed by small molecule nucleophiles, BH32,
BH32.14 and selected variants.

Catalyst ) ]
Entry Catalyst . Time (h) Conversion (%)
Loading (mol%)

1 BH32 3 22 <0.5

2 BH32.14 3 4.5 58

3 BH32.14 3 22 83
BH32.14

4 3 4.5 <0.5
His23Ala
BH32.14

5 3 4.5 <1
Argl24Ala
BH32.14

6 3 45 3.8
TrplO0Ala

7 Imidazole 167 22 <0.5

8 DMAP 167 22 <0.5

9 DABCO 167 22 <0.5

10 BH32.14 0.5 19 94

Entries 1-9 were carried out using 1 (3 mM) and 2 (0.6 mM) in PBS (pH 7.4) with 3% DMSO as a
cosolvent. Conversion to product was determined by HPLC analysis. Entry 10 was performed on a
preparative scale using 1 (50 mM) and 2 (10 mM) in PBS (pH 7.4) with 20% DMSO as a cosolvent.
Conversion to product was determined by HPLC analysis. The final product was isolated in 88% yield

following extraction into organic solvent and chromatographic purification.

To further explore synthetic utility, BH32.14 was evaluated for activity towards a range of activated
alkene and aldehyde/ketone coupling partners, leading to the synthesis of structurally diverse MBH

products 5a-w (Figure 3). In addition to cyclohexenone 1, BH32.14 displays high levels of activity in
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MBH reactions with cyclopentenone, functionalized cyclopentenones and methyl vinyl ketone.
Testament to its catalytic power, BH32.14 can even promote enantioselective transformations of
unsaturated lactones (product 5b), which are notoriously challenging as MBH substrates.?425
BH32.14 also accepts a range of mono- and di- substituted aromatic aldehydes as substrates,
although has a clear preference for para-substituted derivatives. While a modestly electron-donating
p-Me substituent is well tolerated (5i), introduction of a strongly donating p-OMe group leads to a
significant reduction in activity (5j). The aliphatic aldehydes heptanal, acetaldehyde and
cyclohexanecarboxyaldehyde are not substrates for BH32.14 (data not shown). Compared with
BH32.14, the less highly evolved BH32.8 accepts a broader range of substituents at the 2- and 3-
positions, including the activated ketone istatin (product 50), albeit with reduced efficiency and
minimal selectivity. These results suggests BH32.14 has been highly specialized through evolution
to operate efficiently and selectively on specific classes of substrate, whereas its ancestor BH32.8 is
more promiscuous and thus provides an attractive starting template for engineering MBHases to
produce a broader range of target structures. Similar correlations between improving efficiency and
increased substrate specificity have been observed previously during evolutionary optimization of
designed enzymes.® These trends can be attributed to improved shape complementarity between
the target substrate(s) and the engineered active site, which aids efficient catalysis by maximising
productive interactions with the transition states but makes the active site less tolerant of non-native
reaction partners. We also recognized the opportunity to perform selective monofunctionalizations of
aromatic dialdehydes. Indeed, biotransformations of terephthaldehyde, thiophene-2,5-
dicarboxaldehyde and furan-2,5-dicarboxaldehyde proceed with high conversions to chiral
monofunctionalized MBH adducts (5s-w). The reaction of cyclohexenone with the unsymmetrical
dialdehyde, thiophene-2,4-dicarboxaldehyde delivered enantioenriched monosubstituted products
5v and 5w with modest regiocontrol, which could likely be improved through additional rounds of

evolution.
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Figure 3: Substrate scope of engineered MBHases. BH32.14 tolerates a range of activated
alkenes, aldehydes and dialdehydes as substrates, leading to the production of densely
functionalized MBH adducts with high conversions and selectivities. The less highly evolved BH32.8
accepts a broader range of substituents at the 2- and 3- positions, albeit with reduced efficiency and
minimal enantioselectivity. Reported conversions and selectivities are an average from
biotransformations performed in triplicate. The stereochemistry of 5a-i, k-0 & 5s-w are assigned by
analogy to the (R)-3 product formed in BH32.14 mediated biotransformations. Biotransformations
were performed using aldehyde/ketone (10 mM), activated alkene (50 mM for 3, 5a-c, 5f-h & 5j-w,
100 mM for 5d-e & 5i) and catalyst (0.5-5 mol%). Specific reaction conditions for the synthesis of 3

& 5a-w are presented in Table S5.

To understand the origins of improved efficiency following evolution, crystal structures of several
evolved BH32 variants were solved for comparison to the original design. The most active variant,
BH32.14, proved challenging to crystallize; however we were able to solve the apo structure of
BH32.12, which contains 21 out of 24 mutations present in BH32.14, to 2.3 A resolution (Table S7).
Thus far, we have been unable to obtain BH32.12 structures with substrate, product or inhibitor
bound. The BH32.12 and BH32 apo-structures superimpose well, with a root-mean-square-deviation

of 0.8 A. However evolution has resulted in extensive remodelling of the active site, including a ~30%
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reduction in volume (Figure 4). The designed His23 nucleophile has been preserved and is essential
for catalytic activity in BH32.14 (Table 1, Entry 4). In contrast, GIn128 and Ser22 intended to stabilize
key oxyanion intermediates through hydrogen bonding interactions, have been abandoned during
evolution. Instead, an active site Arg124 has emerged which is critical for effective catalysis (Table
1, Entry 5). This catalytic residue emerged in the early rounds of evolutionary optimization, and in
the crystal structure of BH32.6 (resolution 1.5 A, Table S7) adopts a conformation which places the
guanidinium motif in close proximity to the amide side chain of the originally designed GIn128.
However, subsequent active site remodelling resulted in a substantial repositioning of the arginine
side chain leading to a ~5 A displacement of the guanidinium ion in BH32.12 (Figure S7). The
originally designed aldehyde binding site is occluded in BH32.12 by residues Trpl10, Leul22, Arg124
& Serl29 which emerged during evolution. Molecular docking of substrates 1 and 2 reveals the
presence of a new aldehyde binding pocket shaped by Trpl0, Val22, lle26, Leu64, Trp88, Ser9l,
Leu92, Phel32, Argl24 & Serl29, and a 2-cyclohexen-1-one binding mode suitable for nucleophilic
attack by His23 (Figure 4).

Active site volume
BH32.12 (Black Mesh)

Active site volume
BH32 design model
(Green surface)

Figure 4: Crystal structures of BH32 and BH32.12. A ribbon representation of the superimposed
coordinates of the BH32 design model (blue) and the evolved variant BH32.12 (orange). The His23
nucleophile and catalytic Arg124 from BH32.12 are shown in orange stick representation. Substrates

docked into BH32.12 are shown in all atom coloured stick representation. The active site surface
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volume of the BH32 design model is shown as a green transparency whilst the equivalent active site
surface volume for BH32.12 is shown as a grey mesh. The right hand panels show a close-up
representation of the active sites. The top panel shows the substrate binding pocket of BH32 design
model highlighting the spatial arrangement of the designed residues GIn128, Ser124 and His23. The
protein backbone is shown in ribbon representation (blue) with the protein surface shown in grey.
The substrates are derived from the original composite transition state model?! with the aldehyde
shown in stick representation and transparent yellow CPK spheres. 2-Cyclohexen-1-one is also
shown in stick representation with accompanying transparent green CPK spheres. The bottom panel
shows the aldehyde and enone binding pocket of BH32.12 highlighting the spatial arrangement of
key residues Trp88, Trpl0, Argl24 and His23 (stick representation - orange carbon atoms). The
protein backbone is shown in ribbon representation (orange) with the protein surface shown in grey.
The substrate positions depicted are those obtained from initial docking studies prior to DFT
calculations. The aldehyde substrate is shown in stick representation with accompanying transparent
pink CPK spheres. 2-Cyclohexen-1-one is shown in stick representation with transparent magenta
CPK spheres.

To shed light on the catalytic mechanism, an active site DFT ‘cluster’ model comprising 273 atoms
was constructed from the BH32.12 crystal structure and docked substrates, with peripheral atoms
fixed to maintain the crystal structure geometry (Figure S8). A water molecule was also included in
the calculations to facilitate proton transfer in the third chemical step. Relaxed potential energy scans
were performed to model each step of the proposed mechanism (Figure S9 and S10). During energy
minimisation of the reactant state, the aromatic aldehyde forms an edge to face 1r-stacking interaction
with Trp88. The modelling suggests that aldehyde binding is further supported by a hydrogen
bonding network involving the para-nitro substituent, Ser129 and Trp10, two residues that emerged
during the latter stages of evolution. Trp10 lies in close proximity to Argl24 and likely plays an
important role in positioning the guanadinium side chain (Figure 4 and S7). A Trp10Ala substitution
in BH32.14 leads to a substantial reduction in activity (Table 1, Entry 6), underscoring the importance
of this residue to the catalytic mechanism. Nucleophilic addition of His23 to the si-face of 1 generates
the first oxyanion intermediate (Int1) which is stabilized by a bidentate hydrogen bond to the side
chain of Arg124. Similar interactions have been observed in natural?® and de novo hydrolases,?” as
well as catalytic antibodies,?®30 and are the hallmark of small molecule hydrogen bonding catalysts
such as thiourea and guanidinium ions.3132 While BH32.14 reacts rapidly with inhibitor 4, this activity
is dramatically reduced upon mutation of Arg124 to Ala (Figure S11), supporting the role of this
residue in stabilizing oxyanion intermediates at C1. Consistent with its role as the catalytic
nucleophile, activity with inhibitor 4 is abolished in BH32.14 His23Ala. DFT modelling shows that
inhibitor 4 is well accommodated in the active site with His23 poised for nucleophilic attack and
Arg124 suitably positioned for oxyanion stabilization. The enolate of Intl is well positioned for
subsequent addition to aldehyde 2. Diastereoselective carbon-carbon bond formation generates a
second oxyanion intermediate (Int2) with (R)-configuration at the C3-position, consistent with the
stereochemical outcome of the MBH reactions observed experimentally, and proceeds with transfer
of negative charge to the C3-oxygen (Figure 5). Arg124 is ideally positioned to support this charge

transfer, and the calculations suggest that this residue can shuttle between bidentate hydrogen
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bonding modes to stabilize both Int1 and Int2, via a bridging mode at the transition state involving a
single hydrogen bond to each oxygen atom. Consistent with previous models of thiourea promoted
MBH reactions,33 the third chemical step involves water mediated proton transfer from C2 to the C3
alkoxide, leading to the generation of a third oxyanion intermediate (Int 3) which again can be
stabilized by bidentate hydrogen bonding to Arg124. The final chemical step involves elimination of
the His23 nucleophile to generate Morita-Baylis-Hillman product (R)-3. Our calculations suggest that
the third chemical step is rate limiting (or partially rate limiting) (Figure S9), with an energy barrier of
61.9 kJmol!* compared with barriers of 50.1 kJmol* and 47.4 kJmol for steps 1 and 4, respectively.
If this were the case, we would expect to observe a solvent kinetic isotope effect (SKIE) as an
exchangeable proton is transferred in step 3. Comparison of biotransformations with BH32.14
performed in H20 and D20 reveals a modest SKIE of 1.4 + 0.09 (Figure S13), indicating that proton
transfer is involved in the rate-limiting step as suggested by the modelling. Interestingly, no SKIE is
observed in biotransformations with BH32 or BH32.8, suggesting that the nature of the rate-limiting

step has changed during the course of evolution.

A Int1 Int2 Int3

| [N

)

NH N

B HNZESNH HNZ3SNH HNZFNH
I 1
H H H H H<H H H
4 AR
0 Oy 0, 0- OH 9" ~0 OH
H = : (& :
BH32.14
142 =—= H = _ _— O =3
+ + + +
N=\ NO, N=Z "NO; N= NO; ON=\ NO2
Int1 His23 Int 2 His23 His23 nts His23

Figure 5: Proposed catalytic mechanism of an engineered MBHase. A) DFT states for
intermediates 1, 2 & 3 are shown in all atom coloured stick representation. The images presented
show only a subset of the atoms used in the full DFT calculation for greater visual clarity. Atoms
derived from several residues that form close packing interactions with substrates 1 and 2 during
catalysis (Trp10, Trp88, Arg124 & Serl29) are highlighted with grey dot surfaces. Heavy atoms from
the substrates are highlighted with magenta transparent CPK spheres. Atoms from the His23
nucleophile and catalytic Arg124 are shown in all atom coloured stick representation. The hydrogen
bonding network that emerged during evolution between Trp10, Ser129 and the aldehyde substrate
are shown as black dashed lines. In addition, hydrogen bonds between Argl24 and each
intermediate state are shown. B) The BH32.14 catalytic mechanism showing the role played by
Arg124 in stabilizing three intermediates covalently bound through His23. A catalytic water molecule

is shown in blue to facilitate proton transfer from C2 to the C3 alkoxide.
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This study provides a remarkable glimpse into the evolution of new catalytic mechanisms in protein
active sites, where multiple components work in concert to accelerate valuable and demanding
chemical transformations. The development of BH32.14 now allows us to add MBHases to the
restricted repertoire of biocatalysts available for C-C bond forming reactions. High-throughput
enzyme engineering was facilitated by the development of a spectrophotometric assay, based on an
irreversible inhibition reaction with mechanistic similarities to MBH transformations. We anticipate
that similar assays will prove valuable for identifying highly active biocatalysts for the MBH reaction
or mechanistically related transformations in the future. Beyond its synthetic utility, analysis of the
BH32.14 evolution offers valuable lessons to improve enzyme design protocols, to facilitate the
design of more efficient catalysts for a broader range of transformations in the future. BH32.14
employs a nucleophilic His23 and a multi-functional Arg124 to accelerate the MBH reaction, in a
catalytic mechanism with strong similarities to that observed with small molecule systems.3%32 This
suggests that in cases where no natural enzyme or catalytic antibodies are available to guide the
design of new active site arrangements, we should turn to small molecule catalysis for inspiration. In
particular, the observation that an appropriately positioned arginine can serve as a genetically
encoded surrogate of privileged bidendate hydrogen bonding catalysts (e.g. thioureas) should inspire
the design of biocatalysts for a broad range of non-biological transformations.31:32:34.35 Arginine was
not considered as a hydrogen bond donor in the original BH32 design constraints and is typically
avoided as a catalytic motif during enzyme design due to its high degree of conformational flexibility,
which makes accurate positioning of the guanidinium side chain challenging. However, our study
shows that in BH32.14 this conformational flexibility is advantageous, with Arg124 providing a highly
effective and economical means of stabilizing multiple oxyanion intermediates and transition states.
While natural enzymes are inherently dynamic molecules, existing enzyme design protocols
generate a static model of the protein-transition state complex. For chemical transformations
achieved with catalytic antibodies, it seems reasonable to assume that these single state design
protocols could deliver enzymes with comparable or improved efficiencies to antibodies. However,
our results suggest that for complex transformations with several high-energy transition states, multi-
state enzyme design protocols3637 will be required to account for exchanges between conformational
states along the reaction coordinate. The development of these next generation enzyme design
methodologies is now underway, using the evolutionary optimization of the BH32.14 catalytic

mechanism as inspiration.
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8.5 Supplementary Information

8.5.1 Methods

Materials.

All chemicals and biological materials were obtained from commercial suppliers. Lysozyme, DNase
I and kanamycin were purchased from Sigma-Aldrich; polymyxin B sulfate from AlfaAesar; LB agar,
LB media, 2xYT media and arabinose from Formedium; Escherichia coli (E. coli) 5a, Q5 DNA
polymerase, T4 DNA ligase and restriction enzymes from New England BioLabs; and

oligonucleotides were synthesized by Integrated DNA Technologies.

Construction of pBbE8k_BH32 and variants.

The original BH32 design?! was modified to introduce C186A and C212A mutations to avoid any
non-specific alkylations of these positions. These substitutions had no effects on MBH activity. The
C186A and C212A double mutant is referred to as BH32 throughout this study. BH32 was subcloned,
using Ndel and Xhol restriction sites, into a pBbE8k vector® modified to include a 6xHis tag or Strep-
tag following the Xhol restriction site to yield pBbE8k_BH32_6His or pBbE8k_BH32_Strep. The
H23A mutation was introduced into the pBbE8k_BH32 constructs using QuikChange site-directed
mutagenesis.

Protein production and purification.

For expression of BH32 and variants, chemically competent E. coli 5a were transformed with the
relevant pBbE8k_BH32 constructs. Single colonies of freshly transformed cells were cultured for 18
h in 10 mL LB medium containing 25 pg mL~! kanamycin. Starter cultures (500 pL) were used to
inoculate 50 mL 2xYT medium supplemented with 25 ug mL™1 kanamycin. Cultures were grown at
37 °C, 200 r.p.m. to an optical density at 600 nm (ODeoo) of around 0.5. Protein expression was
induced with the addition of L-arabinose to a final concentration of 10 mM. Induced cultures were
incubated for 20 h at 25 °C and the cells were subsequently collected by centrifugation (3,220g for
10 min). For His-tagged variants, pelleted cells were resuspended in lysis buffer (50 mM HEPES,
300 mM NacCl, pH 7.5 containing 20 mM imidazole) and lysed by sonication. Cell lysates were cleared
by centrifugation (27,2169 for 30 min), and supernatants were subjected to affinity chromatography
using Ni-NTA Agarose (Qiagen). Purified protein was eluted using 50 mM HEPES, 300 mM NacCl,
pH 7.5 containing 250 mM imidazole. For Strep-tagged variants, pelleted cells were resuspended in
Buffer NP (50 mM NaH2PO4, 300 mM NacCl, pH 8) and lysed by sonication. Cell lysates were cleared
by centrifugation (27,2169 for 30 min), supernatants were subjected to a Strep-Tactin® Superflow
Plus resin (Qiagen) and purified protein was eluted using 50 mM NaH2PO4, 300 mM NaCl, 2.5 mM
desthiobiotin at pH 8.0. Proteins were desalted using 10DG desalting columns (Bio-Rad) with PBS
pH 7.4 and analysed by SDS-PAGE. Proteins were further purified by size-exclusion chromatography
using a Superdex 200 column (GE Healthcare) in PBS pH 7.4. Proteins were aliquoted, flash-frozen
in liquid nitrogen and stored at —80 °C. Protein concentrations were determined by measuring the
absorbance at 280 nm and assuming an extinction coefficient of 31400 M~ cm~! for BH32-BH32.7,
32890 Mt cm™* for BH32.8, 38390 M-t cm™ for BH32.9-BH32.11, and 35410 M-t cm~* for BH32.12-
BH32.14.
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Inhibition of BH32 variants.

Proteins were inhibited under two different reaction conditions (Figure 2C and S11): For comparison
of BH32, BH32 H23A and BH32.8, proteins (25 uM) were inhibited following incubation with 4-
methoxyphenyl-(6-oxocyclohex-1-en-1-yl)methyl acetate, 4 (250 uM) in PBS pH 7.4 with 3% (v/v)
acetonitrile at room temperature. Formation of the covalently modified protein was monitored
spectrophotometrically at 325 nm (Figure 2C). Samples were diluted in PBS pH 7.4, excess inhibitor
was removed using a Vivaspin® 10k MWCO (Sartorius) and inhibited proteins were characterized
by mass spectrometry (Table S1). Under these conditions, inhibition of BH32.12 and BH32.14 was
too rapid to be monitored spectrophotometrically. To allow comparison of BH32, BH32 H23A,
BH32.8, BH32.12, BH32.14, BH32.14 H23A and BH32.14 R124A (Figure S11), enzyme variants (10
MM) were inhibited following incubation with 4 (25 pM) in PBS pH 7.4 with 3% (v/v) acetonitrile at

room temperature.

Mass spectrometry.

Purified protein samples were buffer exchanged into 0.1% acetic acid using a 10k MWCO Vivaspin
(Sartorius) and diluted to a final concentration of 0.5 mg mL™1. Mass spectrometry was performed
using a 1200 series Agilent LC, with a 5 uL injection into 5% acetonitrile (with 0.1% formic acid) and
desalted inline for 1 min. Protein was eluted over 1 min using 95% acetonitrile with 5% water. The
resulting multiply charged spectrum was analysed using an Agilent QTOF 6510 and deconvoluted

using Agilent MassHunter Software.

Library construction.

Primer sequences used to generate DNA libraries are shown in Table S9.

Rounds 1, 3, 10 & 13: random mutagenesis using error-prone PCR. Random libraries were
generated by error-prone PCR of the entire gene using a JBS Error-Prone Kit (Jena Bioscience)
according to the manufacturer’s protocol. PCR conditions were adjusted to generate an average of
2.5 mutations per gene. The linear library fragments and the modified pBbE8k vector were digested
using Ndel and Xhol endonucleases, gel-purified and subsequently ligated using T4 DNA ligase.
Variants with improved activity were sequenced and identified ‘hot spots’ were subsequently

individually randomized by saturation mutagenesis.

Rounds 2, 4-9, 11-12 & 14: saturation mutagenesis. Positions were either individually randomized
using NNK codon degeneracy (Rounds 2, 4-6, 8-9, 11-12 &14), or randomized in pairs using the 22-
codon trick®® (Rounds 2 & 7). DNA libraries were constructed by overlap extension PCR and genes

were cloned as described above.

Shuffling by overlap extension PCR.

After each round of evolution, beneficial diversity was combined by DNA shuffling of fragments
generated by overlap extension PCR. Primers were designed that encoded either the parent amino
acid or the identified mutation. These primers were used to generate short fragments (up to 6) which
were gel-purified and mixed appropriately in overlap extension PCR to generate genes containing all

possible combinations of mutations. Genes were cloned as described above.

185



Library screening.

For protein expression and screening, all transfer and aliquotting steps were performed using
Hamilton liquid-handling robots. Chemically competent E. coli 5a cells were transformed with the
ligated libraries. Freshly transformed clones were used to inoculate 180 uyL of 2xYT medium
supplemented with 25 ug mL-1 kanamycin in Corning® Costar® 96-well microtitre round bottom plates.
For reference, each plate contained 6 freshly transformed clones of the parent template and 2 clones
containing an empty pBbE8k vector. Plates were incubated overnight at 30 °C, 80 % humidity in a
shaking incubator at 900 r.p.m. 20 uL of overnight culture was used to inoculate 480 uL 2xYT medium
supplemented with 25 ug mL-* kanamycin. The cultures were incubated at 30 °C, 80 % humidity with
shaking at 900 r.p.m. until an ODeoo of about 0.5 was reached, and L-arabinose was added to a final
concentration of 10 mM. Induced plates were incubated for 20 h at 30 °C, 80 % humidity with shaking
at 900 r.p.m. Cells were harvested by centrifugation at 2,900 g for 5 min. The supernatant was
discarded and the pelleted cells were resuspended in 400 uL of lysis buffer (PBS pH 7.4 buffer
supplemented with 1.0 mg mL lysozyme, 0.5 mg mL* polymixin B and 10 ug mL* DNase I) and
incubated for 2 h at 30 °C, 80 % humidity with shaking at 900 r.p.m. Cell debris was removed by
centrifugation at 2,900 g for 5 min.

Rounds 1-8: 100 pL Clarified lysate was transferred to 96-well microtitre plates containing 80 pL PBS
buffer pH 7.4. Reactions were initiated with the addition of 20 pL inhibitor 4 (Rounds 1-4: 250 uM
final concentration, Rounds 5-6: 100 uM final concentration) in PBS pH 7.4 containing acetonitrile
(3% (v/v) final concentration). Inhibition was monitored spectrophotometrically at 325 nm, over 15
minutes using a CLARIOstar plate reader (BMG Labtech). Reaction rates of individual variants were

normalized to the average of the 6 parent clones.

Rounds 9-14: 75 uL Clarified lysate was transferred to 96-well polypropylene microtitre plates and
the reaction was initiated with the addition of 25 pyL assay mix containing 4-nitrobenzaldehyde (0.6
mM final concentration) and 2-cyclohexen-1-one (3 mM final concentration) in PBS pH 7.4. Reactions
were heat-sealed and incubated for 18 h at 30 °C, 80 % humidity with shaking at 900 r.p.m. Reactions
were gquenched with the addition of 100 pL acetonitrile and incubated for a further 2 h at 30 °C, 80
% humidity with shaking at 900 r.p.m. Precipitated proteins were removed by centrifugation at 2,900g
for 10 min. 100 uL of the clarified reaction was transferred to 96-well polypropylene microtitre plates
and heat-sealed with pierceable foil. Reactions were evaluated by HPLC analysis as described

below.

Following each round, the most active variants were rescreened as purified proteins using the HPLC
assay. Proteins were produced and purified as described above, however starter cultures were

inoculated from glycerol stocks prepared from the original overnight cultures.

Kinetic characterization.

Initial velocity (Vo) vs [4-nitrobenzaldehyde] kinetic data were measured using strep-tagged purified
enzyme (60 yM BH32, 40 uM BH32.8, 10 uM BH32.12 & BH32.14), a fixed concentration of 1 (25
mM) and varying concentrations of 2 (0.25-2 mM for BH32 and 0.1-2 mM for BH32.8, BH32.12 &

BH32.14). Reactions were performed in PBS pH 7.4 with 3% acetonitrile and were incubated at 30
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°C with shaking (800 r.p.m.). BH32.14 & BH32.12 catalyzed reactions were sampled at 15 minute
intervals, BH32.8 was sampled at 35, 80, 120, 150, 180, 225, 270 minutes, and BH32 was sampled
at 24 h, 40 h, 49 h, 68 h and 94 h. Vo vs [2-cyclohexen-1-one] kinetic data were measured using a
fixed concentration of 2 (2 mM) and varying concentrations of 1 (1-25 mM for BH32, BH32.8 &
BH32.12, and 0.5-25 mM for BH32.14) using the enzyme concentrations and buffer conditions
described above. Samples were quenched with 1 volume of acetonitrile and analysed by HPLC as
described below (see chromatographic analysis).

Linear fits of conversion vs time allowed determination of Vo at each condition (Figure S2). The
combined Vo vs [4-nitrobenzaldehyde] and Vo vs [2-cyclohexen-1-one] steady state kinetic data were
fitted globally using both the random order binding model (Eqg. 1) and a two-substrate ordered binding
kinetic model (Eq. 2):

v = keae[E][A][B]/((Kma + [A]) (Kmp + [B])) (Ea. 1)
v = keae[E][A][B]/([Al[B] + Kmal[B] + Kmp[A] + KsaKmp) (Ea. 2)

Where keat has its usual meaning, [E] is the total enzyme concentration, [A] and [B] are the initial 2-
cyclohexen-1-one and 4-nitrobenzaldehyde concentrations respectively, Kma and Kms are the
corresponding apparent Michaelis constants, and Ksa is the dissociation constant for the enzyme-
substrate A complex. Note that Eq. 1 and Eq. 2 are equivalent when K, = K,,5. Global fitting was
performed with shared kcat, Kma, Kms and Ksa values (i.e. as a 3D surface fit). Kinetic constants are

shown in Table S3.

Kinetic Solvent Isotope Effects

KSIE experiments were performed in PBS (pH/pD 7.4) (Figure S13). Deuterated buffers were
prepared using 99.9% D20 with pD adjusted according to the following relationship: pD = pHobs +
0.38. To compare the activity of BH32, BH32.8 and BH32.14, analytical scale biotransformations
were performed using 1 (25 mM), 2 (2 mM) and the relevant biocatalyst (50 uM BH32, 30 uM BH32.8,
10 uM BH32.14) in both deuterated and non-deuterated PBS buffer with 3 % MeCN as a cosolvent.
Reactions were performed in triplicate. Reactions in deuterated buffer contained <0.5% H20 final
concentration. All reactions were incubated at 25 °C with shaking (800 r.p.m.) with samples taken
every 10 minutes for 1 hour with BH32.8 and BH32.14 and at 15, 21, 24, 40 and 46 hours for BH32.
For HPLC analysis, reactions were quenched by the addition of 1 volume of acetonitrile. Samples

were vortexed and precipitated proteins removed by centrifugation (14,000 g for 5 minutes).

BH32.14 total turnover numbers

Total turnover numbers achieved by BH32.14 were determined as follows: BH32.14 (0.5 or 0.1
mol%) catalyzed biotransformations were performed in glass vials using 1 (50 mM) and 2 (10 mM)
in PBS (pH 7.4) with 20 % DMSO cosolvent (Figure S5). Reactions were incubated at 25 °C with
shaking (300 r.p.m.) and samples were taken at 3.0, 28.5, 52.5, 70.25, 100, 159 and 187 hours. For

HPLC analysis, reactions were quenched at the stated time points with the addition of 1 volume
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acetonitrile. Samples were vortexed and precipitated proteins were removed by centrifugation
(14,000 g for 5 minutes).

General procedure for analytical scale biotransformations.

To compare the activity of BH32, BH32.14 and its variants (Table 1), analytical scale
biotransformations were performed using 1 (3 mM), 2 (0.6 mM) and the relevant biocatalyst (18 uM)
in PBS (pH 7.4) with 3 % DMSO as a cosolvent. For comparison, reactions were also performed at
varying concentrations of small molecule catalytic nucleophiles imidazole, DMAP and DABCO (18
UM, 60 uM and 1 mM). For reaction conditions used in the preparation of MBH adducts 5a-w (Figure
3) see Table S5.

For HPLC analysis, reactions were quenched at the stated time points with the addition of 1 volume
acetonitrile. Samples were vortexed and precipitated proteins were removed by centrifugation
(14,000 g for 5 minutes). For SFC analysis, the substrates and products were extracted with 3
volumes of ethyl acetate. Precipitated proteins were cleared by centrifugation (14,000 g for 5

minutes), the organic phase was separated and directly injected onto the SFC.

BH32.14 cosolvent tolerance and temperature profile.

To investigate cosolvent tolerance, analytical scale biotransformations were performed using 1 (50
mM), 2 (10 mM) and BH32.14 (50 uM) in PBS (pH 7.4) with either 20 %, 30 % and 40 % of DMSO
or MeCN as a cosolvent (Table S4). All reactions were incubated at 25 °C with shaking (800 r.p.m.)
for 5 hours. To evaluate the activity of BH32.14 at elevated temperatures (Figure S6) analytical scale
biotransformations were performed using 1 (50 mM), 2 (10 mM) and BH32.14 (50 uM) in PBS (pH
7.4) with 20 % DMSO as a cosolvent. Enzyme solutions were pre-incubated at the required
temperature (25-85 °C at 5 °C intervals) for 15 minutes prior to initiation of the reaction by addition
of substrate. Reactions were quenched after 5 hours with the addition of 1 volume MeCN and

analysed by HPLC (see below).

Chromatographic analysis.

HPLC analysis was performed on a 1290 Infinity 1l Agilent LC system with a Kinetex® 5 um XB-C18
100 A LC Column, 50 x 2.1 mm (Phenomenex). For library screening an isocratic method using 25%
acetonitrile in water at 1 mL min*? for 1.5 minutes was used. For substrate profiling reactions,
substrates and products (5a-w) were eluted over 20 minutes using a gradient of 5-95% acetonitrile
in water at 1 mL min-l. Peaks were assigned by comparison to chemically synthesized standards
and the peak areas were integrated using Agilent OpenLab software. The extinction coefficients used
to calculate the conversion are reported in Table S5.

Chiral analysis was performed using an SFC 1290 Infinity Il Agilent system. Enantiomers of the MBH
product 3 were separated using a Daicel 80S82 CHIRALPAK ® IA-3 SFC column, 3 mm, 50 mm, 3
pm, and an isocratic method with 35% methanol in CO2 at 1 mL min! for 1 minute. For substrate
profiling reactions a range of different SFC methods were used and these are summarized in Table
S6. For MBH adducts 5c¢-d, j, |, n-o0, r & t the major sterecisomer formed in the biotransformation

eluted first; for MBH adducts 3, 5a-b, e-i, k, m, p-q, s & u-w the major stereocisomer formed in the
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biotransformation eluted second. Peaks were assigned by comparison to chemically synthesized

standards and peak areas were integrated using Agilent OpenLabs software.

Preparative scale biotransformation.

A preparative scale biotransformation was performed using 1 (50 mM), 2 (10 mM), strep-tag purified
BH32.14 (50 uM) in PBS (pH 7.4, 72 mL) with 20 % DMSO (18 mL) as a cosolvent. The reaction
was incubated at 30 °C with shaking at 100 r.p.m. for 19 hours. An aliquot (100 uL) was removed
and quenched with acetonitrile for HPLC analysis, which showed the reaction had proceeded to 94
% conversion. The reaction mixture was extracted with ethyl acetate (2 x 400 mL), dried over MgSQOa4,
filtered and the solvent was removed in vacuo. The crude product (Figure S4) was purified by flash
column chromatography (5:1 cyclohexane:ethyl acetate) to give 2-(hydroxy(4-nitrophenyl)methyl)
cyclohex-2-en-1-one, 3 as a light yellow solid (197 mg, 88%). Spectral data is consistent with
literature values.*° &4 (400 MHz, CDClz): 8.21 (m, 2H), 7.56 (m, 2H), 6.82 (t, J = 4.1 Hz, 1H), 5.62 (d,
J=6.1Hz, 1H), 3.51(d, J = 6.0 Hz, 1H), 2.46 (m, 4H), 2.03 (m, 2H). 13C NMR (100 MHz, CDCls) &
200.1, 149.3, 148.1, 147.2, 140.2, 127.1, 123.5, 72.0, 38.4, 25.8, 22.3. ESI+ m/z = 270 (M
+Na]*,100)

Preparation of product standards 3 and S1.4°

4-Nitrobenzaldehyde (1.5 g, 10 mmol), 2-cyclohexen-1-one (970 pL, 10 mmol) and imidazole (681
mg, 10 mmol) were stirred in 1M NaHCOs (40 mL) and THF (10 mL) for 40 hours at room
temperature. The reaction was acidified with 1M HCI and extracted with ethyl acetate (150 mL). The
organic layer was dried over MgSOQOsa, filtered and the solvent was removed in vacuo. The reaction
yielded a mixture of the Morita-Baylis-Hillman adduct 3 and aldol adduct S1 which were separated

by flash column chromatography (5:1 cyclohexane:ethyl acetate).

2-(hydroxy(4-nitrophenyl)methyl)cyclohex-2-en-1-one 3 (562 mg, 23%). See characterization data
above.

6-(hydroxy(4-nitrophenyl)methyl)cyclohex-2-en-1-one S1 (180 mg, 7%) as a 4:1 mixture of
diastereoisomers. Spectral data is consistent with literature values.*! 64 (400 MHz, CDCls): 8.26-8.20
(m, 2H), 7.57-7.51 (m, 2H), 7.10-6.97 (m, 1H), 6.13-6.08 (m, 1H), 5.70 (d, J = 2.3 Hz, 1Hmaj), 4.99 (d,
J = 8.7 Hz, 1Hmin), 4.95 (br s, OHmin), 2.95 (br s, OHmaj), 2.72-2.65 (M, 1Hmaj), 2.62-2.53 (M, 1Hmin),
2.48-2.25 (m, 2H), 2.06-1.93 (m, 1H), 1.57-1.46 (m, 1H). ESI+ m/z = 270 ([M +Na]*,100)

Preparation of 5] and inhibitor 4

Anisaldehyde (1.36 g, 10 mmol), 2-cyclohexen-1-one (970 pL, 10 mmol) and imidazole (681 mg, 10
mmol) were stirred in 1M NaHCO3s (40 mL) and THF (10 mL) 48 hours at room temperature. The
reaction was acidified with 1M HCI and extracted with ethyl acetate (150 mL). The organic layer was
dried over MgSOu, filtered and the solvent was removed in vacuo. The product was purified by flash
column chromatography (5:1 cyclohexane:ethyl acetate) to yield 5] (440 mg, 19%). Spectral data is
consistent with literature values.*? *H NMR (400 MHz, CDCI3) & 7.30 — 7.25 (m, 2H), 6.90 — 6.85 (m,
2H), 6.74 (t, J = 4.2 Hz, 1H), 5.51 (s, 1H), 3.80 (s, 3H), 3.35 (br s, 1H), 2.48 — 2.42 (m, 2H), 2.42 —
2.35 (m, 2H), 2.03 — 1.96 (m, 2H). 13C NMR (100 MHz, CDCI3) & 200.4, 158.9, 147.0, 141.1, 133.8,
127.7, 113.7, 72.0, 55.2, 38.5, 25.7, 22.5. ESI+ m/z = 255 ([M +Na]*,100)
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5j (50 mg, 0.25 mmol) and acetic anhydride (50 uL) were stirred in pyridine (1 mL) overnight at room
temperature. The reaction was diluted in ethyl acetate (30 mL) and washed with 1M NaHCO3 (2 x 10
mL), 10% CuSO4 (2 x 10 mL) and then brine (10 mL). The organic layer was dried over MgSQOa,
filtered and the solvent removed in vacuo. The product was purified by flash column chromatography
(5:1 cyclohexane: ethyl acetate) to give the product (4-methoxyphenyl)(6-oxocyclohex-1-en-1-
yl)methyl acetate, 4 (49 mg, 84%). 'H NMR (400 MHz, CDClz) 6 7.30 — 7.24 (m, 2H), 6.96 (t, J = 4.3
Hz, 1H), 6.87 — 6.82 (m, 2H), 6.67 (s, 1H), 3.78 (s, 3H), 2.50 — 2.33 (m, 4H), 2.07 (s, 3H), 2.05 - 1.90
(m, 2H). 13C NMR (100 MHz, CDCI3) 6 197.0, 169.5, 159.3, 145.3, 138.9, 130.9, 128.6, 113.7, 71.4,
55.2, 38.3, 25.7, 22.5, 21.2. ESI+ m/z = 297 ([M +Na]*,100)

Preparation of chiral standards.

The enantiomers of 3 were separated by preparative chiral HPLC by Reach Separations
(Nottingham) to afford (R)-3 (99.5% e.e) and (S)-3 (99.9% e.e) as white solids. The absolute
stereochemistry was determined by measuring the optical rotation ((R)-3 (-52.5°) and (S)-3 (+50.0°)

at 0.008 g mL1in DCM at 27 °C) and comparison to literature values.*3

General procedure for the preparation of racemic product standards (5a, c, e-l, k-n & p-w).
Arylaldehyde (3.3 mmol, 1.0 equiv), cyclic enone (3.3 mmol, 1.0 equiv) and imidazole (227 mg, 3.3
mmol, 1.0 equiv) were stirred in 1M NaHCOs (13.3 mL) and THF (3.3 mL) for 24h at room
temperature. The reaction was acidified with 1M HCI and extracted with ethyl acetate (3 x 50 mL).
The organic layer was dried over MgSOy, filtered and the solvent removed in vacuo to give the crude
product.
2-((4-nitrophenyl)(hydroxy)methyl)cyclopent-2-en-1-one (5a). Crude product was purified by
flash chromatography (2:1 cyclohexane:ethyl acetate) to give the product as a yellow solid (62 mg,
8%). Spectral data is consistent with literature values.® *H NMR (400 MHz, CDCIs3) & 8.25-8.20 (m,
2H), 7.62-7.57 (m, 2H), 7.29 (td, J = 2.8, 1.2 Hz, 1H), 5.68 (s, 1H), 3.56 (s, 1H), 2.67-2.61 (m, 2H),
2.52-2.46 (m, 2H). 3C NMR (101 MHz, CDCIls) & 209.5, 159.9, 148.6, 147.9, 146.8, 127.2, 123.9,
69.3, 35.3, 26.9. ESI+ m/z = 216.0657 ([M -OH]J*, 100).
5-(hydroxy(4-nitrophenyl)methyl)-2,2-dimethyl-3a,6a-dihydro-4H-cyclopenta[d][1,3]dioxol-4-
one (5¢). Crude product was purified by flash chromatography (3:1 cyclohexane:ethyl acetate) to
give the two diastereomeric products. Stereoisomer 1 eluted first and was formed as a colourless oil
(96 mg, 10%). H NMR (400 MHz, CDCls) 5 8.24-8.18 (m, 2H), 7.64-7.57 (m, 2H), 7.40-7.35 (m, 1H),
5.67 (d, J = 4.2 Hz, 1H), 5.21 (dd, J = 5.4, 2.4 Hz, 1H), 4.50 (d, J = 5.4 Hz, 1H), 3.05 (d, J = 4.4 Hz,
1H), 1.40 (s, 6H). 13C NMR (101 MHz, CDCls) & 201.9, 153.7, 147.9, 147.5, 147.4, 127.3, 124.0,
115.9, 77.8, 77.0, 68.6, 27.6, 26.2. ESI- m/z = 304.0844 ([M -HJ, 80), 288.08916 (27), 246.0421
(100). Stereoisomer 2 was formed as a colourless oil (75 mg, 8%). 'H NMR (400 MHz, CDCls) &
8.25-8.19 (m, 2H), 7.61-7.56 (m, 2H), 7.27-7.24 (m, 1H), 5.69 (m, 1H), 5.22 (ddd, J = 5.5, 2.4, 1.1
Hz, 1H), 4.55 (d, J = 5.4 Hz, 1H), 1.42 (s, 3H), 1.38 (s, 3H). 13C NMR (101 MHz, CDCls) & 201.7,
153.8, 147.8, 147.0, 147.0, 127.3, 123.9, 115.7, 77.7, 76.8, 68.5, 27.5, 26.1. ESI- m/z = 304. 0842
(IM -HJ, 85), 288.0892 (33), 246.0423 (100).
2-((4-bromophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5e). Crude product was purified by
flash chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a white solid (128 mg,
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14%). Spectral data is consistent with literature values.®> 1H NMR (400 MHz, CDClz) 8 7.49-7.44 (m,
2H), 7.25-7.21 (m, 2H), 6.73 (t, J = 4.2 Hz, 1H), 5.50 (s, 1H), 2.56-2.28 (m, 4H), 2.09-1.89 (m, 2H).
13C NMR (101 MHz, CDCls) 8 200.5, 147.7, 140.9, 140.8, 131.6, 128.3, 121.5, 72.3, 38.7, 25.9, 22.6.
ESI+ m/z = 265.0070 ([M &Br -OH]*, 100), 263.0090 ([M 7°Br -OH]*, 91).
2-((4-chlorophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5f). Crude product was purified by
flash chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a white solid (114 mg,
15 %). Spectral data is consistent with literature values.®> *H NMR (400 MHz, CDCl3) 6 7.30-7.22 (m,
4H), 6.74 (t, J = 4.3 Hz, 1H), 5.48 (s, 1H), 3.46 (br s, 1H), 2.45-2.32 (m, 4H), 1.95 (app quint, J = 6.3
Hz, 2H). 13C NMR (101 MHz, CDCIls) & 200.4, 147.6, 140.8, 140.4, 133.2, 128.5, 127.9, 71.8, 38.5,
25.8, 22.5. ESI+ m/z = 221.0564 ([M 27Cl -OH]*, 30), 219.0591 ([M 35CI -OH]*, 100).
2-((4-cyanophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5¢g). Crude product was purified by
flash chromatography (3:1 cyclohexane:ethyl acetate) to give the product as a colourless oil (115
mg, 15%). Spectral data is consistent with literature values.** 1H NMR (400 MHz, CDCls) 6 7.62 (d,
J=8.3Hz, 2H), 7.48 (d, J = 8.1 Hz, 2H), 6.79 (t, J = 4.2 Hz, 1H), 5.55 (d, J =5.9 Hz, 1H), 3.51 (d, J
= 5.9 Hz, 1H), 2.48-2.38 (m, 4H), 2.05-1.96 (m, 2H). 33C NMR (101 MHz, CDCls) & 200.1, 148.0,
147.5, 140.4, 132.5, 127.1, 118.9, 111.3, 72.0, 38.5, 25.8, 22.5. ESI+ m/z = 210.0922 ([M -OH]*,
100).

2-((4-(trifluoromethyl)phenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5h). Crude product was
purified by flash chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a colourless
oil (196 mg, 22%). Spectral data is consistent with literature values.*®> *H NMR (400 MHz, CDCI3) &
7.58 (d, J = 8.1 Hz, 2H), 7.47 (d, J = 8.2 Hz, 2H), 6.77 (t, J = 4.3 Hz, 1H), 5.57 (d, J = 5.4 Hz, 1H),
3.59 (d, J = 5.7 Hz, 1H), 2.48-2.37 (m, 4H), 2.04-1.95 (m, 2H). 3C NMR (101 MHz, CDCIls) 6 200.4,
147.9, 145.9, 140.7, 129.6 (g, J = 32.3 Hz), 126.8, 125.4 (q, J = 3.8 Hz), 122.8, 72.4, 38.6, 25.9,
22.6. ESI+ m/z = 253.0853 ([M -OH]*, 100).

2-(hydroxy(p-tolyl)methyl)cyclohex-2-en-1-one (5i). Crude product was purified by flash
chromatography (3:1 cyclohexane:ethyl acetate) to give the product as a colourless oil (112mg,
16%). Spectral data is consistent with literature values.*¢ 'H NMR (400 MHz, CDClz) 8 7.24 (d, J =
8.1 Hz, 2H), 7.15 (d, J = 7.9 Hz, 2H), 6.74 (t, J = 4.2 Hz, 1H), 5.52 (s, 1H), 3.36 (br s, 1H), 2.48 —
2.42 (m, 2H), 2.42 — 2.35 (m, 2H), 2.34 (s, 3H), 2.04 — 1.95 (m, 2H). 13C NMR (126 MHz, CDClz) &
200.6, 147.4, 141.3, 138.8, 137.3, 129.2, 126.5, 72.6, 38.8, 25.9, 22.7, 21.3. ESI+ m/z = 239.1050
(M +Na]*, 16), 199.1125 ([M -OH]*, 100).
2-((3-fluoro-4-nitrophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5k). Crude product was
purified by flash chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a white solid
(53 mg, 6%). 'H NMR (400 MHz, CDCls) & 8.02 (dd, J = 8.5, 7.5 Hz, 1H), 7.34 (dd, J = 11.8, 1.8 Hz,
1H), 7.31-7.23 (m, 1H), 6.87 (t, J = 4.2 Hz, 1H), 5.54 (s, 1H), 2.54-2.37 (m, 4H), 2.02 (app quint, J =
6.2 Hz, 2H). $3C NMR (101 MHz, CDCls) & 200.1, 155.7 (d, J = 265.2 Hz), 151.6 (d, J = 7.7 Hz),
148.7, 139.9, 136.4 (d, J = 7.2 Hz), 126.2 (d, J = 2.7 Hz), 122.2 (d, J = 3.8 Hz), 116.2 (d, J = 21.9
Hz), 71.8 (d, J = 1.4 Hz), 38.5, 25.9, 22.5. ESI+ m/z = 248.0697 ([M -OH]*, 100).
2-((2-fluoro-4-nitrophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (51). Crude product was
purified by flash chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a white solid
(90 mg, 10%). *H NMR (400 MHz, CDCls) 6 8.08 (dd, J = 8.6, 1.9 Hz, 1H), 7.89 (dd, J = 9.8, 2.2 Hz,
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1H), 7.83-7.77 (m, 1H), 6.78-6.72 (m, 1H), 5.81 (d, J = 6.7 Hz, 1H), 3.92 (d, J = 6.3 Hz, 1H), 2.55-
2.37 (m, 4H), 2.08-1.93 (m, 2H). 3C NMR (101 MHz, CDCIz) 6 200.7, 159.0 (d, J = 251.0 Hz), 148.5
(d, J = 1.8 Hz), 148.1, 138.6, 136.5 (d, J = 13.3 Hz), 129.2 (d, J = 4.4 Hz), 119.5 (d, J = 3.7 Hz),
111.2 (d, J = 26.9 Hz), 67.6 (d, J = 2.5 Hz), 38.5, 25.9, 22.4. ESI+ m/z = 248.0717 ([M -OHJ*, 100).
2-((3-fluoro-4-bromophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5m). Crude product was
purified by flash chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a colourless
oil (43 mg, 4%). 'H NMR (400 MHz, CDClz) 8 7.48 (dd, J = 8.3, 7.0 Hz, 1H), 7.16-7.11 (m, 1H), 7.01
(dd, 3 =8.2, 2.0 Hz, 1H), 6.79 (t, J = 4.1, 1H), 5.46 (s, 1H), 3.50 (br s, 1H), 2.49-2.35 (m, 4H), 2.06-
1.92 (m, 2H). 13C NMR (101 MHz, CDClz) 8 200.3, 159.1 (d, J = 247.4 Hz), 147.9, 144.1 (d, J = 6.2
Hz), 140.4, 133.3, 123.3 (d, J = 3.3 Hz), 114.7 (d, J = 23.1 Hz), 107.8 (d, J = 20.9 Hz), 71.7 (d, J =
1.6 Hz), 38.6, 25.9, 22.5. ESI+ m/z = 282.9955 ([M38!Br -OHJ*, 95), 280.9975 ([M"°Br -OHJ*, 100).
2-((2-fluoro-4-bromophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5n). Crude product was
purified by flash chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a colourless
oil (68 mg, 7%). *H NMR (400 MHz, CDClz) & 7.46-7.40 (m, 1H), 7.32 (dd, J = 8.4, 1.9 Hz, 1H), 7.20
(dd, 3 =9.7, 1.9 Hz, 1H), 6.71-6.66 (m, 1H), 5.74 (s, 1H), 3.80 (s, 1H), 2.50-2.35 (m, 4H), 2.05-1.93
(m, 2H). 13C NMR (101 MHz, CDCls) 6 200.8, 159.5 (d, J =251.1 Hz), 147.8, 139.3, 129.6 (d, J =4.7
Hz), 127.9 (d, J = 13.3 Hz), 127.7 (d, J = 3.6 Hz), 121.6 (d, J = 9.5 Hz), 118.9 (d, J = 24.9 Hz), 67.1
(d, J =2.9 Hz), 38.6, 25.9, 22.5. ESI+ m/z = 282.9962 ([M8Br -OH]*, 99), 280.9981 ([M"°Br -OH]*,
100).

2-((3-nitrophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5p). Crude product was purified by flash
chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a colourless oil (132 mg,
16%). Spectral data consistent with literature values.*®> *H NMR (400 MHz, CDClz) 6 8.21 — 8.18 (m,
1H), 8.09 (dd, J = 8.3, 1.2 Hz, 1H), 7.70 (d, J = 7.6 Hz, 1H), 7.49 (t, J = 7.9 Hz, 1H), 6.86 (t, J = 4.2
Hz, 1H), 5.58 (d, J = 5.7 Hz, 1H), 3.67 (d, J = 5.8 Hz, 1H), 2.48 — 2.37 (m, 4H), 2.00 (app quint, J =
6.3 Hz, 2H). 13C NMR (101 MHz, CDCIs) d 200.2, 148.4, 148.2, 144.4, 140.3, 132.7, 129.3, 122.5,
121.4,71.9, 38.5, 25.9, 22.5. ESI+ m/z = 230.08221 ([M -OH]*, 100).
2-((3-bromophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5q). Crude product was purified by
flash chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a colourless oil (67 mg,
7%). Spectral data is consistent with literature values.®> 'H NMR (400 MHz, CDCIz) & 7.55-7.47 (m,
1H), 7.42-7.36 (m, 1H), 7.31-7.26 (m, 1H), 7.20 (t, J = 7.8 Hz, 1H), 6.76 (t, J = 4.2 Hz, 1H), 5.50 (d,
J=5.3 Hz, 1H), 3.48 (d, J = 5.6 Hz, 1H), 2.48-2.38 (m, 4H), 2.04-1.96 (m, 2H). 13C NMR (101 MHz,
CDClz) 5 200.4, 147.9, 144.3, 140.7, 130.7, 130.0, 129.6, 125.2, 122.7, 72.2, 38.6, 25.9, 22.6. ESI+
m/z = 265.0051 ([M 8Br -OHJ*, 100), 263.0070 ([M 7°Br -OH]*, 94).
2-((3-chlorophenyl)(hydroxy)methyl)cyclohex-2-en-1-one (5r). Crude product was purified by
flash chromatography (4:1 cyclohexane:ethyl acetate) to give the product as a colourless oil (152
mg, 20%). Spectral data consistent is with literature values.'> 'H NMR (400 MHz, CDClz) 8 7.37-7.34
(m, 1H), 7.30-7.21 (m, 3H), 6.75 (t, J = 4.2 Hz, 1H), 5.51 (d, J = 5.6 Hz, 1H), 3.46 (d, J = 5.6 Hz, 1H),
2.49-2.38 (m, 4H), 2.05-1.97 (m, 2H). 13C NMR (101 MHz, CDCIls) d 200.5, 147.9, 143.9, 140.7,
134.5, 129.7, 127.8, 126.7, 124.8, 72.3, 38.7, 25.9, 22.6. ESI+ m/z = 221.0549 ([M 3Cl -OHJ*, 27),
219.0575 ([M35Cl -OH]*, 100).
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4-(hydroxy(6-oxocyclohex-1-en-1-yl)methyl)benzaldehyde (5s). Crude product was purified by
flash chromatography (3:1 cyclohexane:ethyl acetate) to give the product as a colourless oil (183
mg, 24%). *H NMR (400 MHz, CDCls) 6 9.96 (s, 1H), 7.82 (d, J = 8.0 Hz, 2H), 7.51 (d, J = 7.9 Hz,
2H), 6.80 (t, J = 4.2 Hz, 1H), 5.58 (d, J = 5.5 Hz, 1H), 3.67 (d, J = 5.6 Hz, 1H), 2.50-2.30 (m, 4H),
2.07-1.90 (m, 2H). C NMR (101 MHz, CDCls) & 200.2, 192.1, 148.9, 147.9, 140.6, 135.7, 129.9,
127.0, 72.2, 38.5, 25.9, 22.5. ESI+ m/z = 213.0923 ([M -OH]*, 20), 185.0976 ([M -OH -CO]J*, 100).
5-(hydroxy(6-oxocyclohex-1-en-1-yl)methyl)thiophene-2-carbaldehyde (5t). Crude product was
purified by flash chromatography (2:1 cyclohexane:ethyl acetate) to give the product as a yellow solid
(73 mg, 9%). *H NMR (400 MHz, CDCl3) 5 9.84 (s, 1H), 7.63 (d, J = 3.8 Hz, 1H), 7.08 (dd, J = 3.8,
1.0 Hz, 1H), 6.99 (t, J = 4.2 Hz, 1H), 5.66 (m, 1H), 3.01 (br s, 1H), 2.54-2.40 (m, 4H), 2.13-1.96 (m,
2H). 13C NMR (101 MHz, CDCls) 5 200.3, 183.1, 158.1, 148.5, 142.9, 139.5, 136.7, 125.4, 70.5, 38.6,
25.9, 22.5. ESI+ m/z = 237.0596 ([M + H]*, 33), 219.0491 ([M -OH]*, 100), 191.0540 ([M -OH -COJ*,
21).

5-(hydroxy(6-oxocyclohex-1-en-1-yl)methyl)furan-2-carbaldehyde (5u). Crude product was
purified by flash chromatography (2:1 cyclohexane:ethyl acetate) to give the product as a yellow solid
(98 mg, 13%). *H NMR (400 MHz, CDCl3) 6 9.55 (s, 1H), 7.20 (d, J = 3.6 Hz, 1H), 6.99 (t, J = 4.1 Hz,
1H), 6.53 (d, J = 3.6 Hz, 1H), 5.51 (s, 1H), 2.53-2.36 (m, 4H), 2.02 (app quint, J = 6.2 Hz, 2H). 13C
NMR (101 MHz, CDCls) 6 200.2, 177.7, 161.8, 152.3, 149.4, 137.4, 122.9, 109.8, 68.2, 38.4, 25.9,
22.4. ESI+ m/z = 243.0642 ([M +Na]*, 78), 203.0716 ([M -OH]*, 100), 175.0765 ([M -OH -COJ*, 87).
4-(hydroxy(6-oxocyclohex-1-en-1-yl)methyl)thiophene-2-carbaldehyde (5v) and 5-(hydroxy(6-
oxocyclohex-1-en-1-yl)methyl)thiophene-3-carbaldehyde (5w). Regioisomers 5v and 5w were
produced in the same reaction and separated by flash chromatography (3:1 cyclohexane:ethyl
acetate). The isomers were assigned based on the chemical shifts of closely related regioisomeric
structures.*”-*8 5v was obtained as a yellow oil (10 mg, 2%). *H NMR (400 MHz, CDCIs) 6 9.88 (d, J
=1.2 Hz, 1H), 7.69 (d, J = 1.5 Hz, 1H), 7.64 (m, 1H), 6.86 (t, J = 4.2 Hz, 1H), 5.57 (s, 1H), 2.54-2.39
(m, 4H), 2.09-1.96 (m, 2H). 13C NMR (101 MHz, CDCIls) & 200.49, 183.12, 147.70, 145.20, 144.2,
140.23, 135.10, 131.11, 69.70, 38.65, 25.89, 22.59. ESI+ m/z = 219.0490 ([M -OH]J*, 100). 5w was
obtained as a yellow oil (23 mg, 3%). *H NMR (400 MHz, CDCIs) 6 9.81 (s, 1H), 8.02 (d, J = 1.3 Hz,
1H), 7.28-7.24 (m, 1H), 6.96 (t, J = 4.0 Hz, 1H), 5.63 (br s, 1H), 2.54-2.38 (m, 4H), 2.08-1.99 (m, 2H).
13C NMR (101 MHz, CDCIs) & 200.5, 185.3, 149.7, 148.4, 142.8, 139.4, 136.9, 121.4, 70.2, 38.6,
25.9, 22.5. ESI+ m/z = 219.0491 ([M -OH]*, 100), 191.0540 ([M -OH -CQ]*, 15).

Synthesis of 3-(hydroxy(4-nitrophenyl)methyl)-5,6-dihydro-2H-pyran-2-one (5b).

4-Nitrobenzaldehyde (151 mg, 1.0 mmol, 1.0 equiv) and 5,6-dihydro-pyran-2-one (0.1 mL, 1.1 mmol,
1.1 equiv) were stirred under nitrogen in dichloromethane (4.0 mL) and cooled to 0 °C. A solution of
diethylaluminium iodide (0.9 M solution in toluene, 1.3 mL, 1.2 mmol, 1.2 equiv) was added dropwise
and the resulting brown mixture was stirred for 24h at room temperature. The reaction was quenched
with saturated NaHCO3 (2.0 mL). The dichloromethane layer was separated and the aqueous layer
was extracted with dichloromethane (3 x 10 mL). The combined organic layers were dried over
MgSOs, filtered and the solvent was removed in vacuo. The crude product was purified by flash

column chromatography (1:1 cyclohexane:ethyl acetate) to give the product as an orange solid (23
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mg, 9%). Spectral data is consistent with literature values.? *H NMR (400 MHz, CDCls) & 8.27-8.15
(m, 2H), 7.64-7.54 (m, 2H), 6.77 (t, J = 4.3 Hz, 1H), 5.66 (d, J = 4.9 Hz, 1H), 4.44-4.33 (m, 2H), 3.63
(d, 3 = 5.5 Hz, 1H), 2.62-2.47 (m, 2H). 13C NMR (101 MHz, CDCIls) d 164.5, 148.3, 147.6, 141.8,
134.2,127.5, 123.8, 71.8, 66.5, 24.3. ESI- m/z = 248.0613 ([M -H]-, 100).

Synthesis of 3-(hydroxy(4-nitrophenyl)methyl)but-3-en-2-one (5d).

4-Nitrobenzaldehyde (604mg, 4.0 mmol, 1.0 equiv), DABCO (291 mg, 2.6 mmol, 0.65 equiv), but-3-
en-2-one (433 L, 5.2 mmol, 1.3 equiv) were added to dichloromethane (8 mL) and stirred for 20h at
room temperature. The reaction mixture was diluted in dichloromethane (50 mL) and washed with
10% HCI (2 x 30 mL). The organic layer was dried over MgSOza, filtered and the solvent was removed
in vacuo. The crude product was purified by flash column chromatography (2:1 cyclohexane:ethyl
acetate) to give the product as a white solid (133mg, 15%). Spectral data is consistent with literature
values.4° 1H NMR (400 MHz, CDCls) & 8.22 — 8.18 (m, 2H), 7.57 — 7.53 (m, 2H), 6.26 (d, J = 1.1 Hz,
1H), 6.03 (d, J = 1.1 Hz, 1H), 5.68 (s, 1H), 2.36 (s, 3H). 13C NMR (101 MHz, CDCIs) 5 200.2, 149.1,
149.0, 147.5, 127.9, 127.4, 123.8, 72.5, 26.5. ESI+ m/z = 220.0714 (M -HJ-, 100), 204.07552 (25).

Preparative biotransformation for the synthesis of 3-(2,2-dimethyl-4-oxo0-3a,6a-dihydro-4H-
cyclopenta[5][1,3]dioxol-5-yl)-3-hydroxyindolin-2-one (50).

A preparative scale biotransformation (10 mL) was performed using (3aS,6aS)-2,2-dimethyl-3a,6a-
dihydro-4H-cyclopenta[d][1,3]dioxol-4-one (50 mM), isatin (10 mM), His-tag purified BH32.8 (60 uM)
in PBS (pH 7.0, 8 mL) with DMSO (2 mL) as a cosolvent. The reaction was incubated at 30 °C with
shaking at 180 r.p.m. for 1.5 hours. The reaction mixture was extracted with ethyl acetate (2 x 15
mL), dried over MgSOy, filtered and the solvent removed in vacuo. The crude product was purified
by flash chromatography (2:1 cyclohexane:ethyl acetate) to give two diastereomeric products.
Stereoisomer 1 eluted first as a yellow oil (10 mg, 33%). *H NMR (400 MHz, MeOD) & 7.86 (d, J =
2.5 Hz, 1H), 7.25 (t, J = 7.8 Hz, 1H), 7.12 (d, J = 7.4 Hz, 1H), 6.96 (t, J = 7.5 Hz, 1H), 6.91 (d, J =
7.8 Hz, 1H), 5.31 (dd, J = 5.5, 2.5 Hz, 1H), 4.44 (d, J = 5.5 Hz, 1H), 1.37 (s, 3H), 1.34 (s, 3H). 13C
NMR (101 MHz, MeOD) & 202.2, 178.6, 156.9, 147.6, 143.9, 131.2, 131.0, 125.4, 123.6, 116.2,
111.4, 79.4, 78.2, 75.5, 28.2, 27.0. ESI+ m/z = 324.0842 ([M +Na]*, 100). Stereoisomer 2 eluted
second as a yellow oil (3 mg, 10%). *H NMR (400 MHz, MeOD) 6 7.86 (d, J = 2.4 Hz, 1H), 7.27 (t, J
=7.7 Hz, 1H), 7.10 (d, J = 7.4 Hz, 1H), 6.98 (t, J = 7.5 Hz, 1H), 6.92 (d, J = 7.7 Hz, 1H), 5.32 (dd, J
=5.4,2.5Hz, 1H), 4.47 (d, J =5.4 Hz, 1H), 1.36 (s, 3H), 1.30 (s, 3H). 13C NMR (101 MHz, MeOD) &
201.3, 179.1, 156.7, 147.3, 143.8, 131.3, 130.9, 125.2, 123.6, 116.2, 111.6, 79.3, 78.3, 75.4, 28.3,
26.7. ESI+ m/z = 324.0844 ([M +Na]*, 100).

Crystallization, refinement and model building.

Crystals of BH32.6, BH32.7 and BH32.12 variants were prepared by mixing 200 nL of 20 mg mL™
protein in PBS buffer pH 7.4 with equal volumes of precipitant. All trials were conducted by sitting-
drop vapour diffusion and incubated at 4 °C. Protein crystallization conditions are given in Table S8.
BH32.6 and BH32.7 crystals were flash cooled in liquid nitrogen whilst BH32.12 crystals were first
cryoprotected by the addition of 10 % PEG 200 to the mother liquor prior to flash cooling. Data were
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collected from single crystals at Diamond Light Source and subsequently scaled and reduced with
Xia2.50 Preliminary phasing was performed by molecular replacement in Phaser using a search
model derived from wild-type BH32 (PDB code: 3U26). Iterative cycles of rebuilding and refinement
were performed in COOT®! and Phenix.refine,52 respectively. Structure validation with MolProbity
and PDBREDO were integrated into the iterative rebuild and refinement process. Complete data
collection and refinement statistics can be found in Table S7. Coordinates and structure factors have
been deposited in the Protein Data Bank under accession numbers 6Z1K, 701D & 6Z1L. All figures

and surface representations were generated in ICM Pro (Molsoft).

Molecular Docking.

To generate starting structures for DFT modelling, molecular docking was performed with Autodock
Vina,%® using AutoDockTools%* to assign hydrogen atoms to the crystal structure and generate input
files. The protein was kept rigid during docking but all relevant substrate bonds were rotatable. For
the product, the highest-scoring pose was selected. For the reactant state, 2-cyclohexen-1-one was
docked first and the pose which showed the best overlap with the corresponding fragment of the
docked product was selected (this had an estimated binding energy only 0.2 kcal mol-* higher than
the lowest energy pose, which was very similar but rotated around the keto group). The aldehyde
was then docked into the 2-cyclohexen-1-one bound structure, and again the binding mode with the
best overlap to the corresponding fragment in the docked product was selected (this had an

estimated binding energy of 0.8 kcal mol? higher than the lowest binding mode).

DFT Modelling.

A cluster model was constructed using the docked conformations for the substrates, including the
first-shell amino acids around the substrates (Trp10, lle1l4, Alal9, Val22, His23, lle26, Leu64, Trp88,
Ser91, Leu92, Ala95, Arg124, Phel28, Serl29, Phel32). Residues were truncated at the Cp unless
their backbone atoms are in near contact with the substrates or involved in hydrogen bonding with
the substrates or other amino acids in the cluster model. A water molecule was included in the
calculation to facilitate the third chemical step (Int2 to Int3). The models contained a total of 273
atoms as shown in Figure S8. For DFT modelling of the inhibitor 4-enzyme complex, the energy
minimised product state was modified to remove the water molecule and to introduce the acetoxy
group present in inhibitor 4, followed by energy minimization. The coordinates for all energy
minimized ground and transition state structures are provided as supplementary files. Calculations
were performed using Gaussian16 revision A03,% using the B3LYP functional®® and the 6-31G(d,p)
basis sets®”%8 for all atoms except for the Arg124 guanidino nitrogens and the C=0 groups of 2-
cyclohexen-1-one and aldehyde, for which 6-311+G(d,p) was used. Grimme’s D3 dispersion
correction with Becke-Johnson damping was employed>® and implicit solvation was treated using the
polarizable conductor calculation model (CPCM)8%61 with a dielectric constant € = 5.7 to mimic the
enzyme environment.52.63 For comparison, single-point energy calculations were then performed with
€ = 80. All models have a net charge of +1 (from Arg124) and spin multiplicity 1. Sixteen peripheral
atoms were kept fixed during the calculations: the C.. of residues whose backbone was included, and
Cs for residues truncated at Cg (atom numbers 16, 26, 31, 36, 43, 52, 54, 57, 60, 71, 77, 85, 89, 97,

104, 245). Each chemical step was modelled by performing a relaxed potential energy scan of the
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making/breaking bond for steps 1, 2 and 4. For step 3 (the proton transfer) a simple reaction
coordinate, z = R(C-H) - R(O-H) was scanned where R is distance, C and H are the carbon and
hydrogen atoms of the breaking bond and O is the oxygen atom of the water molecule. In each case,
the transition state was selected as the structure with the highest potential energy along the scanned
coordinate, to within +0.03 A along the breaking/forming bond or z.
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8.5.2 Supplementary Figures S1-S13

BH32 Design

BH32.14

L Clones - . Best
Round Description Screened Beneficial mutations Variant(®
. . T49A, A52V, F87L, Q96R, BH32.1 = BH32¥ +
1 Random mutagenesis of the entire gene 1800 M120L, K1671, V226G Ta9A
Saturation mutagenesis of hot.spots: BH32.2 = BH32 +
2 Y45/T49 and F87/F88 (two sites 1980 T49A, T49M, F87L, F87T TA9A E87L
simultaneously randomized), T49, R50 -
3= 2+
3 Random mutagenesis of the entire gene 1800 N14Y, M130K, E174G BH32 3N148\I(-|32 2
Saturation mutagenesis of 'hotspots': N14, BH32.4 =BH32.2 +
4 M130, E174 270 N14l, M130T, E174G N14_M130T
Saturation mutagenesis of active site
positions and flexible loop regions: L10, P63C, S124R, D1250, BH32.5 = BH32.4 +
5 Al19, P38, L42, Y45, E46, P60, P63, F81, 1800 0128P, E174K S124R_Q128P_E174K
S91, Q96, S124, D125, Q128, M130, L133, ’ - -
F154, K167, E174, K202
Saturation mutagenesis of active site
positions and flexible loop regions: V16,
6= 5+
6 E17, G32, Y34, L36, Y61, L64, L68, M120, 1800 D123N, P128L, E204G BH32 ?)122:::32 5
T122, D123, D125, T126, Q128, E149,
G152, L199, E204, K205, E207
Saturation mutagenesis of positions: S22V S95A BH32.7 = BH32.6 +
7 S22/S95 and M120/T122 (two sites 2700 - ' S22V_S95A_M120V_
) . M120V_T122L
simultaneously randomized) - T122L
Saturation mutagenesis of active site
positions and flexible loop regions: L10, BH32.8 = BH32.7 +
8 A20, L24, M27, L42, T45, P63, L64, S91, 1440 A20Y, A129G A20Y
L92, Q96, D125, E127, A129, 1145, T147
| e o lts, | o | oWl Lev, | sazo-aes
L24, L42, E46, A129 A129S L10W_L24F A129S
10 Random mutagenesis of the entire gene 1800 F154S
. . BH32.11 = BH32.9 +
11 Saturation mutagenesis of F154 90 F154S 3 329
F154S
Saturation mutagenesis of active site
positions and flexible loop regions: Y20, _
K47E, Y56N, Y177C, BH32.12 = BH32.11 +
12 V30, K47, Y56, 167, E70, F87, S91, R97, 1890 D180P. D210G Y56N Y177C D180P
F153, K155, F161, L165, K171, V176, ' ’ - -
Y177, D180, S196, D210, L219, 1223
. . V16A, A19T, E70R, BH32.13 = BH32.12
13 Random mutagenesis of the entire gene 1800 P128L, S154A +A19T
14 Saturation mutagenesis of ‘hotspots’: V16, 630 V16P/G, A19T, E70R, BH32.14 = BH32.12 +
A19, E70, M72, E89, P128, S154 P128L/M, S154G/A A19T_E70R_P128L

1 The gene sequence used as the template for each round of evolution is shown in italics.
[21 BH32 = haloacid dehalogenase from Pyrococcus horikoshii + F9S, V10L, L14N, E19A, T22S,
164L, E68L HI1S, HI5S, Y128Q, L129A, H132F mutations
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Figure S1: Directed evolution of BH32.14. Structures showing the amino acid positions mutated
throughout evolution (represented as spheres). The original design contains twelve active site
mutations (shown in blue) built into the cap domain of a haloacid dehalogenase from Pyrococcus
horikoshii.?* Fifteen mutations (shown in purple) were introduced during the first eight rounds of
evolution, which exploited a spectrophotometric assay. Rounds 9-14 exploited a HPLC assay and
led to the accumulation of a further nine mutations (mutations from round 9-12 are shown in
orange, and from rounds 13-14 in red). The final variant BH32.14 contains 29 mutations, 5 that
remain from the initial computational design and 24 that were installed during evolution. The table
describes the method of library generation used, the number of clones evaluated and the sequence

of the most improved variant for each round.

198



//[E] (min”)

vo/[E] (min )

0.204

015

010+

0.05+

10.00

0.006

0.004

0.002

0.000

50‘00 10600 1 5600 20600
[2-cyclohexen-1-one] (uM)

26000

0.06

0.05

T T T T
5000 10000 15000 20000

[2-cyclohexen-1-one] (uM)

T
25000

5000 10000 15000 20000
[2-cyclohexen-1-one] (uM)

25600

v,/IE] (min™")

1

vo/[E] (min

0204

0154

0104

0.054

0.00 4

®a w10 am
[#-nercoemzigenysa] (M)

0 560 m'oo 15|00
[4-nitrobenzaldehyde] (uM)

0.008

0.004

s
g
=
tx]
N

0.000

20‘00

0 500 1000 1500
[4-nitrobenzaldehyde] (uM)
0.06 4

2000

T T T
0 500 1000 1500
[4-nitrobenzaldehyde] (uM)

2000

Figure S2: Kinetic characterization of BH32, BH32.8, BH32.12 and BH32.14. Michaelis-Menten
plots for the MBH reaction with 1 and 2 catalysed by A) BH32 (blue) and BH32.14 (red) B) BH32.8

and C) BH32.12. Kinetic assays were performed at either a fixed concentration of 1 (25 mM) and

various concentrations of 2, or using a fixed concentration of 2 (2 mM) and various concentrations of

1. The plots show the averaged initial rates which were fitted to the Michaelis—Menten equation using

Origin software. Data are mean + s.d. of measurements made in triplicate
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Figure S3: HPLC analysis of the BH32 catalysed MBH reaction. HPLC trace showing product 3
and aldol by-product S1 (5:1 ratio of 3:S1), formed during the BH32 (3 mol%) catalysed reaction of
1 (3 mM) and 2 (0.6 mM) following 22 hours incubation.
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Figure S4: Characterization of product 3 produced from a preparative scale
biotransformation. NMR traces (400 MHz; CDCls) showing A) crude product extracted from the
BH32.14 (50 pM) catalysed MBH reaction of 1 (50 mM) and 2 (10 mM) in PBS (pH 7.4) with 20%

DMSO as a cosolvent and B) product isolated following purification by flash column chromatography.
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Figure S5: Total turnover numbers achieved by BH32.14. Time-course for the conversion of 1
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Figure S6: Activity of BH32.14 at varying temperatures. Reaction conversions of BH32.14
mediated biotransformations at temperatures ranging from 25 °C to 85 °C. Biotransformations
performed using 1 (50mM), 2 (10mM) and BH32.14 (50 uM) in PBS (pH 7.4) with 20% DMSO as a

cosolvent, for 4 hours. The error bars represent the standard deviation of measurements made in

triplicate.
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BH32-Design Model

BH32.12

BH32.7
R124

Figure S7: Structural characterization of residues responsible for oxyanion intermediate
stabilization in BH32, BH32.6, BH32.7 and BH32.12. Four superimposed structures are displayed,
the BH32 design model in blue, BH32.6 in yellow, BH32.7 in green and BH32.12 in orange. Backbone
atoms are displayed in cartoon ribbon representation whilst residues are shown as all atom coloured
stick models. The catalytic Arg124 in BH32.6 adopts an orientation that places the guanidinium motif
in close proximity to the amide side chain of GIn128 designed to interact with the oxyanion of Int1.
During the evolution process, Arg124 reorientates to adopt a pose ideal to support charge transfer

during catalysis (BH32.12 orange).
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Figure S8. Cluster model used for DFT modelling. Models are shown with (A) and without (B)

hydrogen atoms.
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Figure S9: Computed reaction profile for the complete MBH mechanism. The potential energy
relative to the reactant (AV in kJ mol?) is shown for each state, and the barrier energy (AV*in kJ
mol?) for each transition state is shown in parentheses. Geometry optimization was performed using

a dielectric, € = 5.7 (black). Single point calculations using € = 80 (blue) show only modest changes

in energy of each species, with no change in rate limiting step.
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product

Figure S10: DFT states showing reactants, transition states and intermediates formed along
the reaction coordinate. Stick representations of the complete DFT progression from reactant
through to products are presented in all atom colours. For clarity a subset of atoms that form close
packing interactions with the substrates are shown along with atoms derived from the His23
nucleophile and catalytic Arg124. Atoms derived from residues that provide close packing contacts
(Trpl0, Trp88 & Ser129) are shown with additional dot surfaces (blue) whilst substrate derived heavy
atoms are shown with semi-transparent CPK spheres (magenta). Hydrogen bonds are shown as

green dashed lines.
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Figure S11: Time course for the inhibition of BH32 and variants. Formation of the covalently
modified protein was monitored spectrophotometrically at 325 nm. A) Comparison of BH32, BH32
H23A, BH32.8, BH32.12 and BH32.14; B) Comparison of BH32.14, BH32.14 R124A and BH32.14
H23A. Reactions were performed using enzyme (10 uM) and inhibitor 4 (25 pM) in PBS pH 7.4 with

3% (v/v) acetonitrile at room temperature.

Figure S12: DFT state showing inhibitor 4 bound in the active site of an engineered MBHase.
The DFT model is shown in all atom coloured stick representation. For clarity, only a subset of atoms
that form close packing interactions with the inhibitior are shown along with atoms derived from the
His23 nucleophile and catalytic Arg124. Atoms derived from residues that provide close packing
contacts (Trp10, Trp88 & Ser129) are shown with additional dot surfaces (blue) whilst inhibitor

derived heavy atoms are shown with semi-transparent CPK spheres (red). Hydrogen bonds are

shown as green dashed lines.
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Figure S13: Solvent kinetic isotope effects. Biotransformations were performed using 1 (25 mM),
2 (2 mM) and the relevant biocatalyst (50 uM BH32, 30 uM BH32.8, 10 uM BH32.14) in PBS (pH/pD

7.4) with 3% acetonitrile as a cosolvent. Linear fits of reaction conversion vs time are shown in black

(H20) and red (D20). Error bars represent the standard deviation of measurements made in triplicate.
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3. Supplementary Tables S1-S9

Table S1: Experimental and calculated masses of apo and inhibited enzymes. Mass

spectrometry data for BH32 and variants. Enzymes were inhibited with mechanistic inhibitor 4.

Variant Observed Mass Expected Mass
BH32 27788 27788
BH32 inhibited ) o
. . ) 28003 (80% single modification) 28002
(60 minutes incubation)
BH32 H23A 27721 27722
BH32 H23A inhibited o
_ _ ) 27721 (no modification) 27722
(60 minutes incubation)
BH32.8* 27580 27579
BH32.8* inhibited
27793 (95% single modification) 27795
(15 minutes incubation)

BH32.14 27806 27806
BH32.14 H23A 27740 27739
BH32.14 W10A 27691 27690
BH32.14 R124A 27721 27720

*Variants highlighted contain a C-terminal His-tag. All other proteins contain a strep-tag

Table S2: Conversion and enantiomeric excess achieved by selected variants along the

evolutionary trajectory. Biotransformations were performed using 1 (3 mM), 2 (0.6 mM) and

enzyme (18 uM) in PBS (pH 7.4) with 3% MeCN as a cosolvent. To ensure that errors don’t arise

from determining low conversions achieved by BH32 after 4.5 hours, reactions were monitored over

longer timeframes and were shown to be linear throughout this period. All variants preferentially

produced the (R)-enantiomer. The error bars represent the standard deviation of measurements

made in triplicate.

Variant Time (hours) Conversion (%) Relative Conversion ee
BH32 45 0.08 + 0.01 0.14 +0.01 -
BH32 22 0.39+0.01 0.68 + 0.02 20+£0.9
BH32 31 0.54+ 0.02 0.94 £ 0.03 -

BH32.4 45 0.22+0.01 0.38 + 0.02 23+0.6

BH32.6 45 0.71+£0.02 1.23+0.03 9+0.7

BH32.8 45 1.56 £ 0.04 2.71 +0.07 33105

BH32.9 45 3.40 £ 0.07 5.92+0.12 67+0.4

BH32.11 45 9.74 +0.11 16.94 £ 0.20 82+0.6

BH32.12 4.5 20.30+0.21 35.33+0.36 86 +0.8

BH32.14 4.5 57.54 + 0.85 100 +1.48 93+£0.9
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Table S3: Kinetic characterization of BH32, BH32.8, BH32.12 and BH32.14. Kinetic constants
derived from global fitting of the combined Vo vs [1] and Vo vs [2] steady state kinetic data (Figure
S2) using ordered and/or random order binding models. Fitting did not allow reliable determination
of Ksa and it was not possible to determine the order of binding. The contribution of Ksa on the
apparent keat and Km values in the ordered binding equation (Eq. 2) was examined by varying KsaKms
over a range of 0.1xKmaKms to 10xKmaKms. The goodness of fit was not significantly different using
ordered or random order binding equations across this range of values. While the apparent Kn are
sensitive to the value of Ksa, the kcat values vary by only ~25% for BH32 and 7% for BH32.14

BH32
Model Keat (hrt) Kma (UM) Kms (UM) KsaKms
Random 0.134 +0.012 7998 + 987 1767 £ 249 -
Ordered 0.170 £ 0.023 16744 + 3057 2766 £ 517 0.1xKmaKms
Ordered 0.134 +0.012 7998 + 987 1767 £ 249 KmaxKms
Ordered 0.110 + 0.008 1929 + 293 1074 £ 178 10xKmaKms

BH32.8
Model Kcat (Min1) Kma (M) Kms (MM) KsaKme
Random 0.0168 + 0.001 4173 + 254 2381 + 224 -

BH32.12
Model Kcat (Min1) Kma (M) Kms (M) KsaKme
Random 0.100 = 0.004 9719 + 640 893 £ 53 -

BH32.14
Model Kcat (Min1) Kma (M) Kme (M) KsaKms
Random 0.349 £ 0.034 2556 =444 1137 + 226 -
Ordered 0.368 + 0.041 4134 + 851 1304 + 280 0.1xKmaKms
Ordered 0.349 £ 0.034 2556 + 444 1137 + 226 KmaxKms
Ordered 0.325 + 0.029 697 £ 128 914 £ 193 10xKmaKms

A = 2-cyclohexen-1-one, B = 4-nitrobenzaldehyde
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Table S4: Effect of cosolvent on BH32.14 activity. MBH reactions were performed using 1
(50mM), 2 (10mM) and BH32.14 (0.5 mol%) in PBS buffer (pH 7.4) with the stated concentration of

MeCN or DMSO as a cosolvent. The percentage conversion was determined after 5 hours by HPLC

analysis.
Cosolvent Conversion (%)
20 % MeCN 2
30 % MeCN 0.3
40 % MeCN 0
20 % DMSO 50
30 % DMSO 43
40 % DMSO 16
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Table S5: Reaction conditions for the synthesis of 3 & 5a-w. All reactions were performed

using PBS buffer pH 7.4 and 20% DMSO

Product | Enone | Enzyme | Catalyst | Reaction Mean % Wavelength extinction
Conc. loading | time (h) Conv. (nm) coefficient
(mm) (mol%) (#s.d.) (mM1cm?)
aldehyde | product
3 50 BH32.14 0.5 18 94+0.2 280 600 600
5a 50 BH32.14 1.5 18 97+0.2 220 240 700
5b 50 BH32.14 2.5 48 82+0.3 220 240 480
5c 50 BH32.14 2.5 15 97+0.1 220 240 400
5d 100 BH32.14 5 48 70+0.5 220 240 589
5e 100 BH32.14 25 18 67 +0.3 220 130 740
5f 50 BH32.14 25 48 56 +0.9 220 105 800
59 50 BH32.14 15 18 92+0.2 254 1000 310
5h 50 BH32.14 5 48 33+04 254 65 190
5i 100 BH32.14 5 48 58+ 0.4 220 213 629
5j 50 BH32.14 . 45 1.2+ 220 c63 639
0.003
5k 50 BH32.14 1.5 18 92+1.0 220 140 660
5 50 BH32.14 1.5 18 99+0.2 220 55 670
5m 50 BH32.14 15 48 71+1.2 220 75 710
5n 50 BH32.14 5 18 90+0.2 220 80 610
500 50 BH32.8 1.5 0.5 98+0.1 220 390 80
5p 50 BH32.8 5 48 91 £ 0.07 220 1000 760
5q 50 BH32.8 5 48 81+0.2 220 900 590
5r 50 BH32.8 5 48 76 +0.5 220 490 620
5s 50 BH32.14 15 18 97 +0.3 220 130 435
5t 50 BH32.14 15 18 92+0.3 254 60 360
5u 50 BH32.14 2.5 48 99+0.3 220 240 345
5v+5w 50 BH32.14 5 24 89+0.1 220 300 o 1000
5w 250

(11 10 mM acceptor was used in each reaction

2 Reaction was performed in PBS pH 7.0
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Table S6: SFC analytical methods for MBH adducts 5a-w

Flow Mobile Phase Run Time
Column (mL.min-) (% MeOH (min)
: in COy)
5a Daicel 80S82 CHIRALPAK ® 1G-3, 3 1 5-10% (3min) 10
mm, 50 mm 10% (7min)
5h Daicel 80S82 CHIRALPAK ® IA-3, 3 1 250 2
mm, 50 mm
5c Daicel 80S82 CHIRALPAK ® IG-3, 3 > 20% 2
mm, 50 mm, 3 pm
5q Daicel 80S82 CHIRALPAK ® IA-3, 3 1 10% 2
mm, 50 mm
5o Daicel 80S82 CHIRALPAK ® IA-3, 3 1 35% 1
mm, 50 mm, 3 pm
5 Daicel 80S82 CHIRALPAK ® IC-3, 3 1 5% 5
mm, 50 mm, 3 um
5 Daicel 80S82 CHIRALPAK ® IG-3, 3 1 20% 3
mm, 50 mm, 3 pm
5h Daicel 80S82 CHIRALPAK ® 1G-3, 3 1 50 4
mm, 50 mm, 3 pm
5i Daicel 80S82 CHIRALPAK ® IC-3, 3 1 10% 3
mm, 50 mm, 3 pm
5 Daicel 80S82 CHIRALPAK ® IC-3, 3 1 10 3.4
mm, 50 mm, 3 pm
5k Daicel 80S82 CHIRALPAK ® IA-3, 3 12 30 7
mm, 50 mm, 3 pm
5| Daicel 80S82 CHIRALPAK ® 1G-3, 3 1 20% 22
mm, 50 mm, 3 pm
&m Daicel 80S82 CHIRALPAK ® |A-3, 3 12 3% 6
mm, 50 mm, 3 um
5n Daicel 80S82 CHIRALPAK ® IG-3, 3 1 20% 2.2
mm, 50 mm, 3 pm
5o Daicel 80S82 CHIRALPAK ® IA-3, 3 1 10% 5
mm, 50 mm, 3 pm
5p Daicel 80S82 CHIRALPAK ® IC-3, 3 1 10% 5
mm, 50 mm, 3 um
5q Daicel 80S82 CHIRALPAK ® IC-3, 3 1 20% 2
mm, 50 mm, 3 um
5 Daicel 80S82 CHIRALPAK ® IC-3, 3 1 15% 2
mm, 50 mm, 3 pm
5s Daicel 80S82 CHIRALPAK ® IC-3, 3 o5 3% 10
mm, 50 mm, 3 pm
5t Daicel 80S82 CHIRALPAK ® IG-3, 3 12 20% 5
mm, 50 mm, 3 pm
5, Daicel 80S82 CHIRALPAK ® IA-3, 3 15 50 5
mm, 50 mm, 3 ym
5v+ Daicel 80S82 CHIRALPAK ® IC-3, 3
2 5% 8
5w mm, 50 mm, 3 pm
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Table S7: Data collection and refinement statistics. Entries in parentheses refer to the statistics

in the highest resolution bin.

Unit cell

Total reflections

Unique reflections
Multiplicity

Completeness (%)

Mean I/sigma(l)

Wilson B-factor

R-merge

R-meas

R-pim

CC1/2

cc*

Reflections used in refinement
Reflections used for R-free
R-work

R-free

CC(work)

CC(free)

Number of non-hydrogen atoms
macromolecules

ligands

solvent

Protein residues
RMS(bonds)

RMS(angles)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)

Clash score

Average B-factor
macromolecules

ligands

solvent

Number of TLS groups

71.689 71.689
121.272 90 90 120
578916 (56870)
60772 (5941)

9.5 (9.6)

99.90 (99.13)
14.64 (1.19)

26.4

0.05985 (1.411)
0.0634 (1.491)
0.02062 (0.4776)
0.997 (0.679)
0.999 (0.899)
60762 (5939)
3039 (305)

0.1572 (0.2272)
0.1771 (0.2647)
0.964 (0.872)
0.966 (0.831)
2210

1950
18
242
448
0.009
1.12
98.69
131
0
1.43
2.76
35.89
34.02
60.92
49.14
0

36.56 69.63 45.72 90
99.29 90

64699 (6531)
20789 (2043)
3.1(3.2)

99.00 (98.55)
17.67 (4.27)
34.48

0.03661 (0.2531)
0.0443 (0.3045)
0.02464 (0.1674)
0.998 (0.919)
0.999 (0.979)
20802 (2043)
1067 (117)
0.2039 (0.3121)
0.2546 (0.3733)
0.955 (0.823)
0.937 (0.760)
1977

1829
0

148
227
0.004
0.54
99.10
0.90
0
2.05
3.52
44.94
44.77

47.07
1

BH32.6 BH32.7 BH32.12
Wavelength 0.976 0.9763 0.9795
Resolution range 55.26 -1.48(1.533 - | 37.87 -1.8(1.864 - | 42.71 -2.29 (2.372 -
1.48) 1.8) 2.29)
Space group P3121 P1211 P3121

70.9666 70.9666
118.768 90 90 120
158031 (15120)
16121 (1571)

9.8 (9.6)

99.55 (98.66)
10.51 (1.21)

65.35

0.0806 (1.617)
0.08509 (1.708)
0.02701 (0.5474)
0.999 (0.603)
1(0.867)

16120 (1551)

824 (95)

0.2226 (0.3236)
0.2616 (0.4293)
0.946 (0.681)
0.925 (0.403)
1890

1838
9

43
226
0.006
1.08
97.75
1.35
0.9
2.02
8.59
75.73
75.73
80.84
74.73
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Table S8: Mo
BH32.12

ther liguor composition used for protein crystallization of BH32.6, BH32.7 and

Variant

Crystallization conditions (200+200nl drops incubated at 4°C)

BH32.6

0.06 M Divalents [0.3M Magnesium chloride hexahydrate; 0.3M calcium chloride
dihydrate]
0.1 M BS1 pH 6.5 [Imidazole; MES monohydrate (acid)]
30% Precipitant mix 2 [40% v/v Ethylene glycol; 20% w/v PEG 8K]

Morpheus screen condition A2 (Molecular Dimensions)

BH32.7

0.12 M Monosaccharides [0.2M D-Glucose; 0.2M D-Mannose; 0.2M D-Galactose;
0.2M L-Fucose; 0.2M D-Xylose; 0.2M N-Acetyl-D-Glucosamine]
0.1 M BS2 pH 7.5 [Sodium HEPES; MOPS (acid)]
30 % Precipitant mix 1 [40% v/v PEG 500* MME; 20 % w/v PEG 20000]

Morpheus screen condition F5 (Molecular Dimensions)

BH32.12

0.1M SPG pH 9.0, 25% w/v PEG 1500
PACT premier Eco condition A6 (Molecular Dimensions)

Table S9: Primer sequences used to generate DNA libraries

Flanking Primers

XHO_R

ATGCATGCctcgagagagccct

NDE_F

CATGCATGcatatgattcgtgcggta

Round 2

Y45x_T49x_F_1

ACCCTGCTGGACGAANDTGAGAAACTGNDTCGCGAAGCGTTCTCT

Y45x_T49x_F_2

ACCCTGCTGGACGAAVHGGAGAAACTGVHGCGCGAAGCGTTCTCT

Y45x_T49x_F_3

ACCCTGCTGGACGAANDTGAGAAACTGVHGCGCGAAGCGTTCTCT

Y45x_T49x_F_4

ACCCTGCTGGACGAAVHGGAGAAACTGNDTCGCGAAGCGTTCTCT

Y45x_T49x_F_5

ACCCTGCTGGACGAANDTGAGAAACTGTGGCGCGAAGCGTTCTCT

Y45x_T49x_F_6

ACCCTGCTGGACGAATGGGAGAAACTGNDTCGCGAAGCGTTCTCT

Y45x_T49x_F_7

ACCCTGCTGGACGAAVHGGAGAAACTGTGGCGCGAAGCGTTCTCT

Y45x_T49x_F_8

ACCCTGCTGGACGAATGGGAGAAACTGVHGCGCGAAGCGTTCTCT

Y45x_T49x_F_9

ACCCTGCTGGACGAATGGGAGAAACTGTGGCGCGAAGCGTTCTCT

Y45x_T49x_R

TTC GTCCAGCAGGGT

F87x_W88x_F 1

AAATACCCTGAAAACNDTNDTGAAATCTCCCTGCGT

F87x_W88x_F 2

AAATACCCTGAAAACVHGVHGGAAATCTCCCTGCGT

F87x_W88x_F_3

AAATACCCTGAAAACNDTVHGGAAATCTCCCTGCGT

F87x_W88x_F_4

AAATACCCTGAAAACVHGNDTGAAATCTCCCTGCGT

F87x_W88x_F_5

AAATACCCTGAAAACNDTTGGGAAATCTCCCTGCGT

F87x_W88x_F 6

AAATACCCTGAAAACTGGNDTGAAATCTCCCTGCGT

F87x_W88x_F 7

AAATACCCTGAAAACVHGTGGGAAATCTCCCTGCGT
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F87x_W88x_F_8

AAATACCCTGAAAACTGGVHGGAAATCTCCCTGCGT

F87x_W88x_F 9

AAATACCCTGAAAACTGGTGGGAAATCTCCCTGCGT

F87x_W88x_R GTTTTCAGGGTATTTGAAACC

T49x_F GAATACGAGAAACTGNNKCGCGAAGCGTTCTCT
T49x_R CAGTTTCTCGTATTCGTC

R50x_F GAATACGAGAAACTGACCNNKGAAGCGTTCTCTAAC
R50x_R GGTCAGTTTCTCGTATTC

Round 4

N14x_F TTGATAGCCTGGGTACTCTGNNKAGCGTTGAAGGCG
N14x_R CAGAGTACCCAGGCT

M130x_F GATACCGAGCAGGCCNNKGCATTCCTGGACGCA
M130x_R GGCCTGCTCGGTATC

E174x_F GGCGTTAAAGGCGAGNNKGCAGTGTACGTTGGT
E174x_R CTCGCCTTTAACGCC

Round 5

L10x_F GCGGTATTCTTTGATAGCNNKGGTACTCTGATTAGC
Al9x_F CTGATTAGCGTTGAAGGCNNKGCTAAATCCCATCTG
P38x_F GGTGACTATCCGCTGAACNNKAAAACCCTGCTGGAC
L42x_F AACCCGAAAACCCTGNNKGACGAATACGAGAAA
Y45x_F ACCCTGCTGGACGAANNKGAGAAACTGGCTCGC
E46x_F ACCCTGCTGGACGAATACNNKAAACTGGCTCGCGAA
P60x_F AACTATGCGGGCAAANNKTATCGTCCGCTGCGT
P63x_F GGCAAACCGTATCGTNNKCTGCGTGATATCCTG
F81x_F GCGGAAAAGTACGGTNNKAAATACCCTGAAAAC
S91x_F CCTGAAAACTTGTGGGAAATCNNKCTGCGTATGTCTCAA
Q96x_F TCCCTGCGTATGTCTNNKCGCTACGGCGAGCTG
S124x_F GGCATGATCACCGATNNKGATACCGAGCAGGCC
D125x_F GGCATGATCACCGATTCTNNKACCGAGCAGGCCACG
Q128x_F ACCGATTCTGATACCGAGNNKGCCACGGCATTCCTG
M130x_F GATACCGAGCAGGCCNNKGCATTCCTGGACGCA
L133x_F CAGGCCACGGCATTCNNKGACGCACTGGGCATC
F154x_F TCTGAAGAAGCTGGTTTCNNKAAACCGCACCCACGC
K167x_F TTCGAACTGGCTCTGAAGNNKGCCGGCGTTAAAGGC
E174x_F GGCGTTAAAGGCGAGNNKGCAGTGTACGTTGGT
K202x_F ATCCTGCTGGATCGTNNKGGTGAGAAACGTGAA
L10x_R GCTATCAAAGAATACCGC

Al9x R GCCTTCAACGCTAAT

P38x_R CGGGTTCAGCGGATA

L42x_R CAGGGTTTTCGGGTT

Y45x_R TTCGTCCAGCAGGGT
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E46x_R GTATTCGTCCAGCAG

P60x_R TTTGCCCGCATAGTT

P63x_R ACGATACGGTTTGCC

F81x_R ACCGTACTTTTCCGC

S91x_R GATTTCCCACAAGTTTTC

Q96x_R AGACATACGCAGGGA

S124x_R ATCGGTGATCATGCC

D125x_R AGAATCGGTGATCATGCC

Q128x_R CTCGGTATCAGAATCGGT

M130x_R GGCCTGCTCGGTATC

L133x_R GAATGCCGTGGCCTG

F154x_R GAAACCAGCTTCTTCAGA

K167x_R CTTCAGAGCCAGTTC

E174x_R CTCGCCTTTAACGCC

K202x_R ACGATCCAGCAGGAT

Round 6

V16x_F GGTACTCTGATTAGCNNKGAAGGCGCTGCTAAA
E17x_F ACTCTGATTAGCGTTNNKGGCGCTGCTAAATCC
G32x_F ATGGAGGAAGTGCTGNNKGACTATCCGCTGAACC
Y34x_F GAAGTGCTGGGTGACNNKCCGCTGAACCCGAAA
L36x_F CTGGGTGACTATCCGNNKAACCCGAAAACCCTG
Y61x_F TATGCGGGCAAACCGNNKCGTCCGCTGCGTGAT
L64x_F AAACCGTATCGTCCGNNKCGTGATATCCTGGAAGAA
L68x_F CCGCTGCGTGATATCNNKGAAGAAGTAATGCGTAAACT
M120x_F AAATATCACGTTGGCNNKATCACCGATAGGGATACC
T122x_F CACGTTGGCATGATCNNKGATAGGGATACCGAGC
D123x_F GTTGGCATGATCACCNNKAGGGATACCGAGCCG
D125x_F ATGATCACCGATAGGNNKACCGAGCCGGCC
T126x_F ATCACCGATAGGGATNNKGAGCCGGCCACG
Q128x_F GATAGGGATACCGAGNNKGCCACGGCATTCCTG
E149x_F TCCATCACCACGTCTNNKGAAGCTGGTTTCTTTAAACC
G152x_F ACGTCTGAAGAAGCTNNKTTCTTTAAACCGCACCCA
L199x_F ATGACTAGCATCCTGNNKGATCGTAAAGGTGAGAAAC
E204x_F CTGGATCGTAAAGGTNNKAAACGTGAATTCTGGGAT
K205x_F GATCGTAAAGGTGAGNNKCGTGAATTCTGGGATAAG
E207x_F AAAGGTGAGAAACGTNNKTTCTGGGATAAGGCG
V16x_R GCTAATCAGAGTACCCAG

E17x_R AACGCTAATCAGAGTACC

G32x_R CAGCACTTCCTCCAT

Y34x_R GTCACCCAGCACTTC
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L36x_R CGGATAGTCACCCAG

Y61x_R CGGTTTGCCCGCATA

L64x_R CGGACGATACGGTTT

L68x_R GATATCACGCAGCGG

M120x_R GCCAACGTGATATTTACC

T122x_R GATCATGCCAACGTG

D123x_R GGTGATCATGCCAAC

D125x_R CCTATCGGTGATCATGCC

T126x_R ATCCCTATCGGTGATCAT

Q128x_R CTCGGTATCCCTATCG

E149x_R AGACGTGGTGATGGA

G152x_R AGCTTCTTCAGACGT

D199x_R CAGGATGCTAGTCATACC

E204x_R ACCTTTACGATCCAGCAG

K205x_R CTCACCTTTACGATCCAG

E207x_R ACGTTTCTCACCTTTACG

Round 7

S95x_F1 ATCTCCCTGCGTATGNDTCAACGCTACGGCGAG
S95x_F2 ATCTCCCTGCGTATGVHGCAACGCTACGGCGAG
S95x_F3 ATCTCCCTGCGTATGTGGCAACGCTACGGCGAG
S95x_R Catacgcagggagat

S22x_F1 GAAGGCGCTGCTAAANDTCATCTGAAAATTATGGAGGA
S22x_F2 GAAGGCGCTGCTAAAVHGCATCTGAAAATTATGGAGGA
S22x_F3 GAAGGCGCTGCTAAATGGCATCTGAAAATTATGGAGGA
S22x_R Tttagcagcgccttc

M120x_T122x_F1

AAATATCACGTTGGCNDTATCNDTAATAGGGATACCGAG

M120x_T122x_F2

AAATATCACGTTGGCVHGATCVHGAATAGGGATACCGAG

M120x_T122x_F3

AAATATCACGTTGGCNDTATCVHGAATAGGGATACCGAG

M120x_T122x_F4

AAATATCACGTTGGCVHGATCNDTAATAGGGATACCGAG

M120x_T122x_F5

AAATATCACGTTGGCNDTATCTGGAATAGGGATACCGAG

M120x_T122x_F6

AAATATCACGTTGGCTGGATCNDTAATAGGGATACCGAG

M120x_T122x_F7

AAATATCACGTTGGCVHGATCTGGAATAGGGATACCGAG

M120x_T122x_F8

AAATATCACGTTGGCTGGATCVHGAATAGGGATACCGAG

M120x_T122x_F9

AAATATCACGTTGGCTGGATCTGGAATAGGGATACCGAG

M120x_T122x_R

GCCAACGTGATATTTAC

Round 8

L10_F GTATTCTTTGATAGCNNKGGTACTCTGATTAGCGTT
A20_F AGCGTTGAAGGCGCTNNKAAAGTGCATCTGAAAATTATG
L24 F GCTGCTAAAGTGCATNNKAAAATTATGGAGGAAGTGCT
M27_F GTGCATCTGAAAATTNNKGAGGAAGTGCTGGGT
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L42_F

AACCCGAAAACCCTGNNKGACGAATACGAGAAACTG

T45 F ACCCTGCTGGACGAANNKGAGAAACTGGCTCGC
P63_F GGCAAACCGTATCGTNNKCTGCGTGATATCCTG
L64 F AAACCGTATCGTCCGNNKCGTGATATCCTGGAAGAA
S91_F AACTTGTGGGAAATCNNKCTGCGTATGGCGCAA
L92_F TTGTGGGAAATCTCCNNKCGTATGGCGCAACG
Q96_F TCCCTGCGTATGGCGNNKCGCTACGGCGAGC
D125_F GTGATCCTGAATAGGNNKACCGAGCCGGC
E127_F CTGAATAGGGATACCNNKCCGGCCACGGC

Al29 F AGGGATACCGAGCCGNNKACGGCATTCCTGGAC
1145_F GACCTGTTCGATTCCNNKACCACGTCTGAAGAA
T147_F TTCGATTCCATCACCNNKTCTGAAGAAGCTGGT
L10_R GCTATCAAAGAATACCGC

A20_R AGCGCCTTCAACGCT

L24 R ATGCACTTTAGCAGC

M27_R AATTTTCAGATGCACTTTAG

L42_ R CAGGGTTTTCGGGTT

T45 R TTCGTCCAGCAGGGT

P63_R ACGATACGGTTTGCC

L64 R CGGACGATACGGTTT

S91 R GATTTCCCACAAGTTTTC

L92 R GGAGATTTCCCACAA

Q96_R CGCCATACGCAGGGA

D125 R CCTATTCAGGATCACGC

E127 R GGTATCCCTATTCAGGA

Al129 R CGGCTCGGTATCCCT

1145 R GGAATCGAACAGGTC

T147_R GGTGATGGAATCGAA

Round 9

L10 F GTATTCTTTGATAGCNNKGGTACTCTGATTAGCGTT
L24 F GCTTATAAAGTGCATNNKAAAATTATGGAGGAAGTGCT
L42_F AACCCGAAAACCCTGNNKGACGAATACGAGAAACTG
E46_F CTGCTGGACGAATACNNKAAACTGGCTCGCGAA
Al29 F AGGGATACCGAGCCGNNKACGGCATTCCTGGAC
L10_R GCTATCAAAGAATACCGC

L24 R ATGCACTTTATAAGC

L42 R CAGGGTTTTCGGGTT

E46_R GTATTCGTCCAGCAGGGT

Al29 R CGGCTCGGTATCCCT

Round 11

219




F154 F TCTGAAGAAGCTGGTTTCNNKAAACCGCACCCACGC
F154 R GAAACCAGCTTCTTCAGA

Round 12

Y20x_F AGCGTTGAAGGCGCTNNKAAAGTGCATTTTAAAATTATGGA
V30x_F AAAATTATGGAGGAANNKCTGGGTGACTATCCG
K47x_F CTGGACGAATACGAGNNKCTGGCTCGCGAAGCG
Y46x_F GAAGCGTTCTCTAACNNKGCGGGCAAACCGTAT
167x_F CGTCCGCTGCGTGATNNKCTGGAAGAAGTAATGCG
E70x_F CGTGATATCCTGGAANNKGTAATGCGTAAACTGGC
F87x_F AAATACCCTGAAAACNNKTGGGAAATCTCCCTG
S91x_F AACTTGTGGGAAATCNNKCTGCGTATGGCGCAA
R97x_F CTGCGTATGGCGCAANNKTACGGCGAGCTGTAC
F153x_F TCTGAAGAAGCTGGTNNKTCTAAACCGCACCCA
K155x_F GAAGCTGGTTTCTCTNNKCCGCACCCACGCATC
F161x_F CCGCACCCACGCATCNNKGAACTGGCTCTGAAG
L165x_F ATCTTCGAACTGGCTNNKAAGAAAGCCGGCGTT
K171x_F AAGAAAGCCGGCGTTNNKGGCGAGAAAGCAGTG
V176x_F AAAGGCGAGAAAGCANNKTACGTTGGTGACAAC
Y177x_F GGCGAGAAAGCAGTGNNKGTTGGTGACAACCCG
D180x_F GCAGTGTACGTTGGTNNKAACCCGGTCAAAGAC
S196x_F AACCTGGGTATGACTNNKATCCTGCTGGATCGT
D210x_F AAACGTGAATTCTGGNNKAAGGCGGACTTTATC
L219x_F TTTATCGTCTCCGACNNKCGCGAAGTTATTAAGATTG
1223x_F GACCTGCGCGAAGTTNNKAAGATTGTTGACGAACTG
Y20x_R AGCGCCTTCAACGCT

V30x_R TTCCTCCATAATTTTAAAATGCA

K47x_R CTCGTATTCGTCCAG

Y56x_R GTTAGAGAACGCTTCGC

167x_R ATCACGCAGCGGACG

E70x_R TTCCAGGATATCACGCAG

F87x_R GTTTTCAGGGTATTTGAAA

S91x_R GATTTCCCACAAGTTTTC

R97x_R TTGCGCCATACGCAG

F153x_R ACCAGCTTCTTCAGA

K155x_R AGAGAAACCAGCTTC

F161x_R GATGCGTGGGTGCGG

L165x_R AGCCAGTTCGAAGAT

K171x_R AACGCCGGCTTTCTT

V176x_R TGCTTTCTCGCCTTT

Y177x_R CACTGCTTTCTCGCC
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D180x_R ACCAACGTACACTGC

S196x_R AGTCATACCCAGGTT

D210x_R CCAGAATTCACGTTTCT

L219x R GTCGGAGACGATAAAGT

1223x_R AACTTCGCGCAGGTC

Round 14

V16x_F GGTACTCTGATTAGCNNKGAAGGCACTTATAAAGTG
Al9x_F AATAGCGTTGAAGGCNNKTATAAAGTGCATTTT
E70x_F CGTGATATCCTGGAANNKGTAATGCGTAAA
M72x_F ATCCTGGAACGTGTANNKCGTAAACTGGCGGAA
E89x_F CCTGAAAACTTGTGGNNKATCTCCCTGCGTATG
P128x_F AATAGGGATACCGAGNNKTCTACGGCATTCCTG
S154x_F GAAGAAGCTGGTTTCNNKAAACCGCACCCACG
V16x_R GCTAATCAGAGTACCC

Al9x_R GCCTTCAACGCTAAT

E70x_R TTCCAGGATATCACG

M72x_R TACACGTTCCAGGAT

E89x_R CCACAAGTTTTCAGG

P128x_R CTCGGTATCCCTATT

S154x_R GAAACCAGCTTCTTC

Table S10: Cartesian coordinates for energy minimised cluster models.

C 2.442144000
C 1.957197000
C 1.331559000
C 2.274618000
C 2.943909000
C 3.009865000
0] 2.379015000
C 1.063902000
C 0.152415000
C  -1.029743000
C  -1.908648000
C -1.576842000
C  -0.396916000
C 0.470026000
(0] 0.879888000
C  -0.933169000
C  -1.855809000
C  -1.922815000
C  -2.850943000
N -2.897066000
C  -3.483090000
C  -3.248826000
C  -4.494428000
C  -4.254249000
C  -4.868853000
C 2.267450000
C 1.553171000

R

-2.750087000 2.346668000
-3.759099000 1.338583000
-3.085362000 0.114040000
-2.049440000 -0.506396000
-1.195277000 0.525568000
-1.510133000 1.835146000
-2.977103000 3.561909000
0.507394000 3.232256000
0.556049000 2.077198000
-0.203150000 2.055836000
-0.087838000 0.989465000
0.787941000 -0.048789000
1.527893000 -0.071695000
1.405751000 1.009367000
-0.173071000  4.228089000
-7.122602000 1.692388000
-6.127738000  1.068480000
-4.767148000 1.273477000
-6.438153000 0.075028000
-4.212728000 0.459174000
-5.215481000 -0.284662000
-7.629982000 -0.555425000
-5.161207000 -1.249853000
-7.580083000 -1.514376000
-6.356046000 -1.855681000
-7.890944000 -2.331172000
-6.798818000 -1.521476000
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1.584125000
1.443880000
1.345721000
2.523699000
2.780245000
2.206567000
1.108129000
0.408984000
-0.227147000
-1.474436000
-2.116820000
-1.488556000
-0.230988000
0.394538000
-0.110472000
-1.423394000
-2.198669000
-2.264662000
-3.065746000
-3.124545000
-3.628665000
-3.415012000
-4.520130000
-4.296877000
-4.843033000
1.828570000
0.718168000

TS1

-3.435423000
-3.976175000
-2.845705000
-1.871168000
-1.469457000
-2.193951000
-4.102083000
-0.030331000

0.240390000
-0.330308000
-0.022096000

0.850396000

1.406954000

1.093609000
-0.700965000
-7.022153000
-5.920714000
-4.590634000
-6.079955000
-3.917030000
-4.803821000
-7.177001000
-4.605267000
-6.981223000
-5.705954000
-7.906774000
-6.955504000

2.735771000
1.329330000
0.299598000
0.426472000
1.868352000
2.921562000
3.710920000
3.867067000
2.561683000
2.271253000
1.083991000
0.191080000
0.431390000
1.637573000
4.741506000
1.348518000
0.702112000
1.058561000
-0.437052000
0.207737000
-0.718869000
-1.244588000
-1.777588000
-2.301290000
-2.563022000
-2.609568000
-2.135923000
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2.412936000
0.080527000
6.591785000
6.535803000
6.648051000
7.599906000
5.229035000
8.072287000
7.056421000
7.551557000
7.719707000
5.617137000
4.667714000
5.103567000
7.781708000
8.151816000
9.252875000
9.429317000
8.709463000
7.746532000
8.165738000
6.371458000
7.060104000
5.952527000
6.644487000
5.491462000
6.281655000
4.456653000
-3.640458000
-2.380798000
-2.719302000
-1.668005000
-2.867980000
-2.839791000
-3.531951000
-2.093809000
-3.261078000
-2.384966000
-1.221991000
-1.838732000
-0.682113000
-0.990350000
2.009279000
1.931036000
0.990272000
1.100937000
1.574793000
2.514645000
0.013285000
-1.031772000
-0.479801000
-1.002955000
-2.344488000
-3.611401000
-4.858536000
-3.694191000
2.213380000
1.904096000
1.187153000
1.344277000
0.947727000
-5.618704000
-4.262483000
-3.449775000
-2.166874000
-1.044048000
0.038124000
-1.001183000
-7.598589000
-7.286066000
-7.079900000
-6.894025000
-5.982451000

-7.555282000
-6.619399000
-5.591382000
-4.675733000
-3.258942000
-2.526882000
-4.879120000
-0.848451000
0.157088000
1.002060000
2.226258000
-0.361719000
0.807643000
-1.217673000
0.344209000
1.086050000
2.090071000
3.104899000
0.136208000
-0.934582000
-2.162566000
-0.996324000
-2.898423000
-2.221589000
4.981941000
4.352848000
6.246487000
3.626193000
2.490302000
1.620952000
0.139633000
1.818729000
9.260412000
7.853618000
7.360032000
6.740908000
6.010055000
5.599181000
6.593684000
4.338571000
5.340483000
4.225169000
7.219702000
5.789217000
4.923606000
3.687508000
5.638195000
6.330978000
5.570499000
4.871696000
4.567306000
4.933101000
5.660395000
4.783897000
5.676991000
3.786527000
2.406020000
0.978717000
0.710877000
-0.278531000
0.590413000
-2.579417000
-3.120608000
-3.639837000
-4.241706000
-3.573410000
-4.243177000
-2.242734000
2.030436000
2.006759000
0.574235000
0.327457000
2.831035000

-3.818664000
-1.896485000
0.323696000
-0.827170000
-0.325184000
-0.563478000
-1.595642000
-3.048634000
-2.709135000
-1.535568000
-1.626102000
-2.430467000
-2.140921000
-3.591361000
-0.377143000
0.810153000
0.489705000
1.131724000
1.888962000
2.296520000
2.769047000
2.337416000
3.074087000
2.823379000
0.593782000
-0.200959000
1.379492000
0.665304000
7.456810000
7.370065000
7.584983000
6.023650000
2.170184000
1.648277000
0.569313000
2.191105000
0.404284000
1.386332000
3.284383000
1.651980000
3.555864000
2.749182000
-1.076264000
-0.801410000
-1.612657000
-1.593190000
0.692563000
1.494346000
-2.270612000
-2.992421000
-4.392350000
-5.426886000
-3.013333000
-2.987158000
-2.965736000
-4.149657000
-4.398265000
-4.485538000
-5.796294000
-6.483973000
-3.345135000
4.849235000
4.389497000
5.581337000
5.209374000
4.922891000
4.516773000
5.044140000
0.914829000
-0.528084000
-1.044579000
-2.239828000
-0.684258000
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2.647046000
-0.377818000
6.635494000
6.282975000
6.797818000
7.580428000
4.763776000
8.152090000
7.227032000
7.800219000
8.012678000
5.764724000
4.884769000
5.163535000
8.009937000
8.284139000
9.619435000
9.888709000
8.266454000
6.911603000
6.609127000
5.731842000
5.293557000
4.753996000
7.086142000
5.886437000
6.797477000
4.791448000
-3.666159000
-2.368320000
-2.653589000
-1.359732000
-2.114854000
-2.159003000
-2.829681000
-1.513816000
-2.639820000
-1.837495000
-0.707402000
-1.381655000
-0.258563000
-0.594885000
2.761436000
2.491952000
1.437855000
1.336169000
2.125734000
3.142485000
0.613868000
-0.465449000
0.094726000
-0.415027000
-1.717242000
-3.041993000
-4.224349000
-3.176281000
2.637650000
2.208309000
1.454356000
1.492294000
1.232732000
-5.840607000
-4.837702000
-4.141723000
-3.114176000
-1.916864000
-1.099483000
-1.513495000
-7.382459000
-6.991124000
-6.847277000
-6.595651000
-5.628164000

-7.359461000
-6.701230000
-6.337701000
-5.080822000
-3.908440000
-3.069116000
-4.975867000
-1.322500000
-0.245149000
0.527311000
1.744466000
-0.681323000
0.522941000
-1.467026000
-0.193360000
0.483660000
1.217146000
2.143374000
-0.523809000
-1.143672000
-2.185475000
-0.857939000
-2.490567000
-1.706981000
4.489304000
3.933128000
5.752418000
3.323446000
2.436240000
1.621606000
0.165916000
2.265346000
9.437861000
8.055742000
7.648107000
6.879399000
6.289736000
5.789298000
6.639116000
4.488904000
5.345986000
4.282995000
7.097765000
5.702560000
4.936805000
3.708108000
5.648944000
6.255134000
5.680198000
5.087293000
4.712702000
5.027477000
5.967525000
5.180448000
6.156146000
4.122926000
2.416916000
1.028599000
0.907681000
-0.060284000
0.644289000
-2.233290000
-3.355262000
-3.776593000
-4.801225000
-4.568183000
-5.572181000
-3.312097000
2.640454000
2.637152000
1.207687000
0.977923000
3.373466000

-3.783999000
-3.174828000
-0.210879000
-0.881072000
-0.079562000
-0.499658000
-1.041430000
-2.963521000
-2.581464000
-1.388024000
-1.416859000
-2.275741000
-1.918342000
-3.444885000
-0.257351000
0.995797000
0.941128000
1.676083000
2.154227000
2.274240000
3.133141000
1.628874000
3.003326000
2.087032000
0.871315000
0.092642000
1.689440000
0.973977000
7.335334000
7.279122000
6.880520000
6.317192000
2.331388000
1.754265000
0.626841000
2.287939000
0.424689000
1.427449000
3.414438000
1.667299000
3.660290000
2.796158000
-0.951541000
-0.624239000
-1.401446000
-1.276284000
0.873742000
1.652020000
-2.165140000
-2.925447000
-4.301544000
-5.359835000
-2.990639000
-2.937205000
-2.980882000
-4.040671000
-4.291817000
-4.469594000
-5.780798000
-6.514338000
-3.341981000
4.528793000
4.267082000
5.564325000
5.366166000
4.823569000
4.501852000
4.569783000
0.690902000
-0.732685000
-1.279120000
-2.465671000
-0.790200000
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-5.365464000
-6.599020000
-7.101710000
-6.995951000
-8.319405000
-8.408284000
-5.841051000
-4.578374000
3.499417000
2.839024000
1.264412000
0.402278000
1.065183000
3.061358000
1.735329000
3.405582000
1.949628000
-1.260196000
-0.163545000
1.387837000
-0.347767000
-0.224712000
-1.342599000
-3.209366000
-2.774460000
-4.963264000
-4.571277000
-5.646463000
3.264603000
2.089887000
1.623923000
2.962329000
2.959304000
1.439539000
-0.040702000
-0.406121000
-0.471520000
5.803667000
7.438384000
7.396657000
5.833755000
5.143096000
5.187324000
4.366397000
8.049745000
7.850248000
6.999406000
5.657794000
4.637121000
4.966578000
3.648408000
5.742971000
5.065456000
4.093236000
7.637854000
7.298260000
9.953628000
8.993671000
9.629772000
9.125349000
5.668535000
7.120278000
7.064811000
5.916807000
4.996569000
5.946707000
7.142040000
5.468185000
3.655413000
3.993821000
4.925764000
-3.400210000
-4.354449000

2.773202000
2.860447000
-0.354075000
-1.779788000
-2.457682000
-3.552248000
-2.372097000
-1.948907000
-0.866278000
-4.343993000
-4.451741000
-2.587829000
-3.846400000
-2.544412000
-1.414020000
-0.271105000
1.158219000
-0.870011000
2.202714000
1.984087000
-7.651762000
-6.645113000
-4.140801000
-3.247496000
-8.572830000
-4.229587000
-8.492266000
-6.339758000
-8.057169000
-5.848125000
-7.039724000
-8.338537000
-6.613962000
-7.444843000
-6.297624000
-5.876735000
-7.557212000
-5.427824000
-5.434859000
-4.873740000
-2.916821000
-5.924795000
-4.242974000
-4.640216000
-1.617576000
-1.249072000
0.856610000
-0.993470000
1.509127000
1.368704000
0.445781000
-2.088059000
-0.636640000
-1.584226000
-0.663126000
1.645830000
1.765776000
0.749586000
-0.325872000
-2.464903000
-0.235465000
-3.902144000
4.230707000
3.644823000
5.137649000
7.042360000
6.624292000
6.064946000
3.203520000
4.303117000
2.800886000
3.551263000
2.212972000

0.719936000
1.620163000
-0.062053000
-0.261845000
0.076475000
0.591170000
0.545376000
0.038930000
2.555300000
1.037862000
1.820935000
0.413067000
-0.620207000
-1.096022000
-1.216481000
0.186935000
3.165999000
2.876595000
-0.885146000
1.024437000
0.931428000
2.375661000
1.935960000
0.449506000
-0.297988000
-1.534793000
-2.011335000
-2.613672000
-1.903634000
-1.653023000
-0.452998000
-4.350920000
-3.952150000
-4.306875000
-2.934892000
-1.260291000
-1.771829000
0.948273000
0.866209000
-1.473308000
0.340576000
-1.902219000
-2.483929000
-0.963971000
-2.381996000
-3.955732000
-3.549820000
-1.535543000
-2.981857000
-1.251159000
-1.981532000
-3.764350000
-4.520713000
-3.383208000
-0.308368000
1.213261000
-0.305194000
2.751591000
1.511821000
2.862842000
2.031471000
3.468723000
1.273676000
-0.918794000
-0.790218000
0.703449000
1.941692000
2.089709000
0.048065000
1.388352000
1.215770000
7.329502000
6.671442000
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-5.092976000
-6.364071000
-6.999235000
-6.998988000
-8.370796000
-8.541440000
-5.891386000
-4.607216000
2.327537000
2.320797000
0.568066000
0.403710000
1.316635000
3.427947000
2.337760000
2.958437000
1.386702000
-1.934042000
0.222657000
1.359337000
-0.910961000
-0.662301000
-1.771891000
-3.358750000
-2.995945000
-4.945826000
-4.570372000
-5.526549000
2.502410000
1.169523000
0.257907000
3.465066000
3.086752000
2.030286000
0.017490000
-1.162521000
-0.847094000
6.191426000
7.639917000
6.768953000
6.447356000
4.392214000
4.486154000
4.274184000
8.027367000
7.911900000
7.205316000
5.798072000
4.810343000
5.273723000
3.872638000
5.730214000
5.148089000
4.132927000
7.851995000
7.524864000
10.341750000
8.531284000
9.028155000
7.254826000
5.527007000
4.776152000
7.483929000
6.254890000
5.459693000
6.451662000
7.694813000
6.015880000
3.968468000
4.370905000
5.188677000
-3.475627000
-4.143231000

3.222119000
3.368406000
0.254384000
-1.166956000
-1.751631000
-2.843773000
-1.882246000
-1.533467000
-1.838060000
-4.605867000
-4.628058000
-2.306111000
-3.254268000
-2.331571000
-0.971203000
-0.412953000
0.449987000
-1.004538000
2.091240000
1.534679000
-7.639110000
-6.632160000
-4.061619000
-2.931325000
-8.159783000
-3.635202000
-7.818486000
-5.571953000
-8.113178000
-5.998672000
-7.370282000
-8.037012000
-6.386825000
-7.220471000
-6.216169000
-6.058315000
-7.643152000
-6.391000000
-6.396441000
-5.055500000
-3.870362000
-5.865592000
-4.089875000
-4.917749000
-2.124128000
-1.644878000
0.479688000
-1.349579000
1.219736000
1.085735000
0.193375000
-2.378562000
-0.860143000
-1.760283000
-1.197435000
1.253185000
0.821063000
0.006370000
-1.296327000
-2.637135000
-0.121104000
-3.244275000
3.705964000
3.176633000
4.741004000
6.565233000
6.098708000
5.583487000
2.931423000
4.066771000
2.493340000
3.468845000
2.468341000

0.640435000
1.478787000
-0.332544000
-0.587870000
-0.267282000
0.231152000
0.178168000
-0.331568000
3.937530000
1.122646000
1.286539000
0.452856000
-0.714186000
0.018657000
-0.167412000
2.039059000
4.030621000
2.983169000
-0.278393000
1.867658000
0.603143000
2.028487000
1.861375000
0.231877000
-1.048045000
-1.985479000
-2.936609000
-3.396001000
-1.768430000
-1.834944000
-1.231375000
-4.049263000
-3.532979000
-4.677503000
-4.072624000
-2.768431000
-3.481574000
0.704352000
-0.058895000
-1.861668000
0.970074000
-1.556130000
-1.619033000
-0.063208000
-2.346321000
-3.896872000
-3.401688000
-1.406112000
-2.760229000
-1.065292000
-1.665582000
-3.654163000
-4.358295000
-3.219430000
-0.245663000
1.180804000
0.198499000
3.075096000
1.994348000
3.767204000
0.870393000
3.576894000
1.531325000
-0.606963000
-0.517855000
1.039825000
2.212723000
2.436673000
0.365244000
1.656098000
1.571573000
7.647268000
6.347920000



-1.693379000
-3.408220000
-3.206728000
-1.816922000
-0.748960000
-1.405179000
-2.316824000
-3.525119000
-3.227583000
-4.207923000
-3.662439000
-0.979282000
-2.069844000
-0.011034000
-0.554543000

2.357627000

1.126383000

2.928478000

0.553964000

1.588730000

2.732682000

0.050890000
-1.162494000

0.467586000
-2.362993000
-2.360777000
-3.582029000
-4.912534000
-4.854090000
-5.772084000
-3.696932000
-4.613975000
-2.857841000

3.098988000

2.264420000

2.786003000

0.464010000

0.011128000

1.414115000

0.718044000
-5.495834000
-6.203040000
-3.700703000
-4.399065000
-3.274141000
-4.008739000
-2.164319000

0.016202000

0.915868000
-0.183850000
-1.810081000
-8.546637000
-8.090542000
-5.336239000
-6.238530000
-4.655379000
-4.848332000
-6.421129000
-6.923903000
-7.322722000
-6.834670000
-9.215715000
-5.864993000
-5.949949000
-4.576847000
-4.142628000
-6.203674000
-1.869193000

7.456499000

1.721662000
-1.480392000
-5.732712000
-4.694788000

1.931663000
-0.210122000
-0.028644000
-0.481852000

1.225305000

2.868892000

1.505191000

9.889869000

9.297099000

7.867560000

5.420676000

7.446796000

3.481097000

5.214283000

3.260914000

7.428995000

7.702388000

5.368569000

6.016132000

4.585466000

7.128478000

6.577946000

3.906162000

3.994261000

6.296163000

6.322491000

4.190393000

6.276145000

6.374707000

5.078539000

4.310954000

3.196536000

3.084433000

2.621123000

2.708276000

0.326277000

1.508464000

1.151211000

0.831078000
-0.475251000
-1.746382000
-2.216610000
-2.337890000
-3.938450000
-2.847584000
-4.417514000
-5.235221000
-5.249252000
-3.782112000
-1.689992000
-1.735446000

2.343957000

2.431261000

2.432918000

3.863278000

3.578630000

1.820223000

2.475129000

3.906899000

0.046458000
-1.959544000
-1.863036000
-3.459206000
-2.093939000
-0.986896000

2.370062000
-3.357660000

9.713045000

5.224476000
-8.837178000
-7.884544000
-0.564133000
-1.519037000

8.169105000
6.804220000
8.550967000
7.553243000
5.967567000
5.855155000
5.195471000
1.564171000
3.205434000
-0.104032000
-0.306641000
3.911411000
1.029863000
4.400085000
2.985884000
-2.005685000
-0.930573000
-0.949883000
0.856842000
0.976835000
0.981437000
-2.329893000
-2.489838000
-4.397262000
-3.905642000
-2.141844000
-2.059853000
-3.881699000
-2.120941000
-2.903978000
-5.110170000
-4.075827000
-4.149403000
-4.845824000
-3.428431000
-4.449754000
-6.075907000
-3.408380000
-2.385592000
-3.373637000
5.549503000
3.999030000
3.865844000
3.673161000
6.317086000
6.105903000
5.034122000
4.474728000
4.264714000
4.804500000
5.361458000
1.087348000
-1.137251000
-1.468162000
-0.938323000
0.917323000
0.870662000
2.628968000
1.709748000
0.852283000
-1.330977000
-0.196214000
0.475783000
1.601567000
-0.085067000
8.422738000
5.350168000
2.163951000
-0.103388000
-2.216457000
2.260409000
-5.008653000
-4.556770000
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-1.923907000
-3.098007000
-3.354730000
-1.733989000
-0.413299000
-1.148118000
-1.751429000
-2.697292000
-2.518862000
-3.438134000
-3.032483000
-0.444061000
-1.634729000
0.361162000
-0.227054000
3.156316000
1.945420000
3.423530000
1.156305000
2.014540000
3.462872000
0.824730000
-0.686280000
1.030050000
-1.690334000
-1.690760000
-3.063462000
-4.224447000
-4.179727000
-5.178717000
-3.108415000
-4.143513000
-2.401043000
3.521742000
2.760792000
3.033212000
0.819803000
0.328883000
1.712374000
0.944534000
-5.339514000
-6.363762000
-4.088745000
-5.340583000
-3.694392000
-4.862831000
-3.389862000
-1.415251000
-0.186724000
-0.545157000
-1.915154000
-8.312195000
-7.731103000
-4.968711000
-5.798196000
-4.336541000
-4.655241000
-6.269332000
-6.617927000
-7.246749000
-6.857276000
-9.219075000
-5.999143000
-5.963757000
-4.542883000
-4.382748000
-6.595586000
-1.087918000
7.891525000
1.382224000
-2.072047000
-5.483400000
-4.557261000

1.617370000
0.124782000
-0.307753000
-0.427803000
1.715234000
3.303473000
2.271408000
10.136659000
9.460907000
8.222701000
5.755026000
7.452443000
3.674268000
5.146058000
3.286689000
7.222159000
7.695417000
5.146501000
6.150362000
4.612099000
6.991688000
6.658922000
4.136504000
4.120339000
6.562104000
6.667864000
4.635344000
6.709435000
6.893465000
5.627278000
4.583877000
3.614925000
3.356587000
2.592226000
2.629391000
0.304045000
1.791794000
1.258325000
0.812662000
-0.404959000
-1.338367000
-1.953124000
-3.029329000
-4.228342000
-2.912338000
-4.194839000
-5.764979000
-6.527896000
-5.339827000
-3.203840000
-2.536329000
3.020926000
3.129469000
2.958847000
4.429938000
3.964769000
2.228231000
2.934672000
4.431878000
0.642216000
-1.305730000
-1.087086000
-2.960683000
-1.641704000
-0.570739000
1.997052000
-2.537498000
9.818460000
4.707628000
-8.870373000
-7.695700000
0.135172000
-0.948053000

8.284430000
5.877555000
7.576598000
6.860662000
6.308496000
6.595439000
5.292287000
1.724726000
3.350682000
-0.056941000
-0.332685000
4.084575000
0.998579000
4.529130000
3.012479000
-1.877579000
-0.848821000
-0.759086000
1.022835000
1.192975000
1.102665000
-2.297273000
-2.423179000
-4.267881000
-3.910654000
-2.149795000
-1.979842000
-3.926868000
-2.171594000
-2.904219000
-5.030523000
-3.962171000
-3.967512000
-4.760369000
-3.305349000
-4.489038000
-6.010983000
-3.376203000
-2.372806000
-3.417999000
4.914644000
3.609994000
3.536782000
3.836676000
6.067217000
6.269265000
5.480941000
4.525338000
4.101929000
4.288822000
5.071747000
0.822959000
-1.371607000
-1.554233000
-1.015664000
0.902953000
0.780077000
2.479087000
1.593149000
0.580600000
-1.666402000
-0.531325000
0.062266000
1.246144000
-0.440639000
8.037849000
5.261556000
2.388282000
0.158289000
-2.890455000
1.923808000
-5.203514000
-4.806673000
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-5.233439000
-5.922014000
-3.384964000
-2.219112000
-1.196329000
-2.140245000
-0.116964000
-1.075543000
-0.054130000
-5.987097000
-6.579991000
-5.060894000
-3.560544000
-1.231484000
-2.909819000
-1.054432000

0.782820000

0.679600000
-4.568626000
-3.162357000
-2.822982000
-2.521118000
-3.639193000
-2.171512000

3.105195000

2.400956000

2.989177000

1.110688000
0.736255000
1.518045000
2.990479000
3.121031000
2.172604000
0.361589000
0.618724000
-0.040492000
-1.312800000
-1.982559000
-1.363947000
-0.089407000
0.565808000
0.043592000
-1.816191000
-2.622234000
-2.565226000
-3.596716000
-3.438585000
-4.078450000
-4.083547000
-5.015147000
-5.018564000
-5.476322000
1.418570000
0.738691000
1.731814000
-0.667921000
6.311025000
6.011069000
6.458122000
7.226503000
4.510384000
8.063553000
7.249056000
7.852562000
8.202126000
5.736511000
4.990324000
5.104752000
7.935840000

-2.142150000
-3.149980000
-0.751176000
-1.635703000
-1.885334000
-2.242536000
-2.708524000
-3.082846000
-3.312547000

0.044497000
-1.081843000
-1.545701000
-0.005607000
-1.412494000
-2.062090000
-3.553773000
-3.954985000
-2.858193000
-2.290450000
-0.198058000
-0.663072000

0.974162000

0.451151000

1.654116000
-1.234800000
-0.596492000
-1.869510000
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-2.837864000
-3.025572000
-2.130432000
-2.068327000
-1.450746000
-2.047496000
-3.431486000
-0.010829000

0.272665000
-0.261958000

0.061713000

0.924381000

1.456478000

1.123037000
-0.554753000
-6.956180000
-5.857484000
-4.507000000
-6.025028000
-3.824726000
-4.728402000
-7.142043000
-4.528621000
-6.947824000
-5.652561000
-8.068209000
-6.945361000
-7.687587000
-6.601226000
-6.785103000
-5.485078000
-4.367955000
-3.475515000
-5.370210000
-1.921387000
-0.730004000
0.019887000

1.203435000
-0.989026000
0.325720000
-1.766113000
-0.685848000

-3.293296000
-3.257854000
-4.325143000
-3.952932000
-4.876204000
-2.689729000
-4.549467000
-2.367074000
-3.292601000
-4.227797000
-5.235817000
-2.382137000
-3.541060000
-5.853072000
-1.946538000
-1.391492000
-3.038779000
-5.271183000
-5.322480000
-5.241672000

0.964761000
-1.151687000
-1.068702000
-2.112794000

5.650869000

5.462784000
4.920211000

2.366025000
0.907583000
-0.059790000
0.338810000
1.737072000
2.720527000
3.244145000
3.710291000
2.416596000
2.160749000
0.993261000
0.082352000
0.294997000
1.478347000
4.643075000
1.415531000
0.799776000
1.065292000
-0.247725000
0.235939000
-0.585829000
-0.948864000
-1.606281000
-1.959328000
-2.283860000
-2.499468000
-1.701217000
-3.949907000
-2.196239000
-0.144107000
-0.752297000
0.156373000
-0.167153000
-1.042306000
-2.774248000
-2.490796000
-1.298685000
-1.350962000
-2.243636000
-1.989095000
-3.402020000
-0.141662000
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-5.221970000
-6.008440000
-3.216005000
-2.134641000
-1.133016000
-2.101382000
-0.121156000
-1.099252000
-0.101163000
-5.739290000
-6.350699000
-5.026610000
-3.400630000
-1.128833000
-2.858554000
-1.102070000

0.683719000

0.660093000
-4.423162000
-2.886050000
-3.077452000
-2.198180000
-3.374581000
-1.605873000

1.325573000

0.883753000

1.349692000

1.455925000
1.021808000
1.661776000
3.131272000
3.240030000
2.326249000
0.997796000
1.085405000
0.239323000
-1.027844000
-1.853460000
-1.400063000
-0.142135000
0.663740000
0.511685000
-1.404354000
-2.246940000
-2.384738000
-3.099205000
-3.273888000
-3.725417000
-3.385212000
-4.613406000
-4.265648000
-4.871578000
1.837689000
0.356699000
2.654837000
-0.427158000
7.252270000
6.283048000
7.047715000
7.237202000
5.234987000
8.051700000
7.194604000
7.775980000
8.005285000
5.703009000
4.893123000
5.087224000
7.969669000

-1.693536000
-2.615573000
-0.320414000
-1.318961000
-1.627901000
-1.955642000
-2.538925000
-2.877155000
-3.167214000

0.674035000
-0.280380000
-1.276064000

0.340533000
-1.131098000
-1.730104000
-3.364355000
-3.876894000
-2.737494000
-1.624401000

0.315615000
-0.457796000

1.229857000

0.865988000

1.907838000
-2.787357000
-1.967269000
-3.317158000

TS2

-3.154544000
-3.285549000
-2.262317000
-2.055998000
-1.441801000
-2.090290000
-3.953794000
-0.719908000
-0.218905000
-0.782623000
-0.300608000

0.755601000

1.337655000

0.847449000
-1.270982000
-6.985466000
-5.948045000
-4.622631000
-6.160838000
-3.999030000
-4.915674000
-7.277994000
-4.767592000
-7.131390000
-5.886174000
-7.890719000
-7.586940000
-6.645569000
-7.103440000
-5.947722000
-5.024472000
-4.070897000
-2.893147000
-5.810174000
-1.361821000
-0.200498000
0.589639000

1.802203000
-0.535616000
0.727656000
-1.309368000
-0.115567000

-3.675720000
-3.822411000
-4.387753000
-4.040000000
-4.969684000
-2.789343000
-4.661042000
-2.480633000
-3.413976000
-4.373650000
-5.539077000
-2.673398000
-3.532934000
-5.935426000
-2.046609000
-1.511348000
-3.172538000
-5.387948000
-5.657144000
-5.213996000

0.859164000
-1.032837000
-1.169584000
-1.866916000

6.216627000

5.943620000

5.394181000

2.151346000
0.705717000
-0.238077000
0.126236000
1.530990000
2.547522000
2.999362000
3.386128000
2.254238000
2.033310000
1.031113000
0.234284000
0.416949000
1.442066000
4.390853000
1.495114000
0.831151000
1.177808000
-0.310146000
0.321306000
-0.602799000
-1.114952000
-1.673371000
-2.181662000
-2.457276000
-2.467888000
-2.187175000
-2.832730000
-3.411474000
-1.394400000
-0.783501000
0.099073000
-0.165360000
0.002885000
-2.820441000
-2.533622000
-1.354667000
-1.405346000
-2.260472000
-1.949581000
-3.430048000
-0.210326000
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8.310905000
9.740455000
10.135935000
8.145655000
6.716555000
6.278953000
5.595120000
4.948707000
4.517981000
7.347068000
6.120917000
7.123597000
4.981695000
-3.553036000
-2.320076000
-2.671910000
-1.693442000
-1.567427000
-1.697321000
-2.389187000
-1.131198000
-2.287656000
-1.522735000
-0.344870000
-1.153985000
0.017725000
-0.384951000
3.173193000
2.845517000
1.795932000
1.670757000
2.418010000
3.426047000
0.993274000
-0.119443000
0.417143000
-0.046010000
-1.316942000
-2.687383000
-3.806858000
-2.870068000
2.779718000
2.331125000
1.596449000
1.623127000
1.329749000
-5.981315000
-5.132894000
-4.483882000
-3.403564000
-2.252891000
-1.423584000
-1.903055000
-7.187732000
-6.796946000
-6.745270000
-6.502990000
-5.389265000
-4.862349000
-6.119106000
-6.964916000
-7.025482000
-8.432246000
-8.669969000
-5.975773000
-4.663669000
2.404763000
0.883464000
-0.337596000
1.097873000
1.423258000
3.403816000
3.572878000

-0.025503000
0.507242000
1.402936000
-0.977268000
-1.389422000
-2.454262000
-0.877425000
-2.588259000
-1.634212000
4.040892000
3.532508000
5.327111000
3.031965000
2.520561000
1.789732000
0.354939000
2.559479000
9.525774000
8.138576000
7.757776000
6.930511000
6.386966000
5.850745000
6.653656000
4.526637000
5.337310000
4.285448000
6.889694000
5.500669000
4.781988000
3.550661000
5.448292000
6.009080000
5.566695000
5.032265000
4.655020000
5.063150000
5.985544000
5.279885000
6.327589000
4.260025000
2.193013000
0.810401000
0.679447000
-0.305094000
0.455643000
-1.887832000
-3.139191000
-3.583970000
-4.552535000
-4.224438000
-5.172822000
-2.945532000
3.020940000
2.984955000
1.546817000
1.296520000
3.630715000
3.445690000
3.673585000
0.613209000
-0.810657000
-1.323591000
-2.401474000
-1.555654000
-1.313383000
-1.936276000
-4.085539000
-2.840259000
-1.119279000
-2.503418000
-3.081322000
-1.491399000

1.089951000
1.021312000
1.735475000
2.281558000
2.404636000
3.171994000
1.812724000
3.056318000
2.229192000
0.912966000
0.145116000
1.715354000
1.039463000
7.792771000
7.249283000
6.825823000
6.077646000
2.226872000
1.673239000
0.549228000
2.227384000
0.368502000
1.381983000
3.359736000
1.641696000
3.625519000
2.775911000
-0.943884000
-0.642867000
-1.468340000
-1.391192000
0.839072000
1.661635000
-2.210525000
-2.968825000
-4.355162000
-5.402998000
-3.017274000
-3.001300000
-3.040626000
-4.132722000
-4.277574000
-4.444182000
-5.765760000
-6.477475000
-3.329240000
4.501144000
4.301083000
5.618062000
5.418511000
4.815843000
4.359605000
4.668505000
0.602939000
-0.820457000
-1.360369000
-2.544838000
-0.881444000
0.548136000
1.390274000
-0.408864000
-0.637816000
-0.344827000
0.157330000
0.180516000
-0.317764000
3.773362000
0.659394000
0.815722000
-0.059113000
-1.082968000
0.366723000
-0.382032000
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8.261547000
9.638404000
9.935931000
8.159442000
6.789693000
6.498687000
5.610466000
5.204393000
4.645649000
7.041558000
5.842584000
6.749296000
4.746956000
-3.764714000
-2.372503000
-2.474764000
-1.570205000
-2.180178000
-2.245266000
-2.924829000
-1.615136000
-2.749400000
-1.950759000
-0.816921000
-1.504351000
-0.387959000
-0.726414000
2.702382000
2.435189000
1.381768000
1.300599000
2.067746000
3.082375000
0.530157000
-0.527698000
0.075833000
-0.420300000
-1.776340000
-3.102123000
-4.286143000
-3.208051000
2.654434000
2.161833000
1.363157000
1.337130000
1.201309000
-5.834598000
-4.825134000
-4.186701000
-3.036853000
-1.850123000
-0.895439000
-1.603032000
-7.404130000
-7.031610000
-6.910917000
-6.726405000
-5.663304000
-5.135126000
-6.412011000
-7.006950000
-7.018251000
-8.397649000
-8.581862000
-5.919271000
-4.636991000
2.778007000
1.282319000
-0.070910000
1.130894000
1.579761000
3.651498000
3.628365000

0.568153000
1.225627000
2.154483000
-0.406011000
-0.998867000
-2.209691000
-0.565245000
-2.511022000
-1.513826000
4.565998000
3.991137000
5.835350000
3.407675000
2.289587000
1.709330000
0.290539000
2.620851000
9.479126000
8.117540000
7.773205000
6.905467000
6.426135000
5.865638000
6.588729000
4.549042000
5.276531000
4.267579000
7.133987000
5.740458000
4.969681000
3.738430000
5.702325000
6.320014000
5.707488000
5.087347000
4.656311000
4.889781000
5.962490000
5.175906000
6.143610000
4.066467000
2.401868000
1.028425000
0.905049000
-0.081796000
0.726347000
-2.190193000
-3.291415000
-3.822093000
-4.691222000
-4.247113000
-5.128013000
-2.940436000
2.656571000
2.623479000
1.186289000
0.941548000
3.352514000
3.286799000
3.457460000
0.242472000
-1.179061000
-1.757127000
-2.865014000
-1.911042000
-1.608410000
-2.251898000
-4.306335000
-3.233552000
-1.307038000
-2.605428000
-3.019739000
-1.410153000

1.032334000
0.997742000
1.717175000
2.215707000
2.273852000
2.874041000
1.732907000
2.704368000
2.011801000
0.874281000
0.109922000
1.681476000
1.007890000
7.620434000
7.346163000
6.763989000
6.406760000
2.323129000
1.696081000
0.552823000
2.170581000
0.280540000
1.253363000
3.284687000
1.413958000
3.459746000
2.532782000
-0.954805000
-0.614781000
-1.386709000
-1.275763000
0.882231000
1.655105000
-2.127441000
-2.898501000
-4.239704000
-5.325272000
-3.044063000
-2.987571000
-3.106215000
-4.042199000
-4.295865000
-4.414174000
-5.698713000
-6.407585000
-3.247392000
4.646347000
4.339682000
5.629704000
5.385224000
4.948199000
4.611537000
4.877819000
0.771385000
-0.656888000
-1.176613000
-2.372142000
-0.745647000
0.694282000
1.517501000
-0.213887000
-0.475932000
-0.174490000
0.282760000
0.282642000
-0.254069000
3.519846000
0.398020000
0.675822000
-0.187693000
-1.271372000
0.116677000
-0.598119000
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3.019720000
1.634194000
-1.771112000
0.363045000
1.543622000
-1.446802000
-0.942223000
-1.952416000
-3.589084000
-3.728451000
-5.361039000
-5.400970000
-6.198013000
2.351729000
1.373101000
0.683693000
2.254238000
2.371743000
0.822109000
-0.659482000
-1.130520000
-1.320825000
5.790568000
7.299061000
6.575822000
6.071132000
4.201813000
4.279982000
3.926528000
7.824716000
7.831029000
7.350078000
5.659466000
5.059358000
5.392481000
3.929524000
5.582876000
5.187315000
4.041784000
7.687291000
7.679603000
10.396523000
8.478081000
8.777699000
6.862352000
5.471547000
4.338278000
7.706325000
6.449442000
5.751154000
6.803392000
8.042079000
6.346936000
4.154293000
4.582102000
5.329232000
-3.301839000
-4.325628000
-1.574542000
-3.418749000
-3.090584000
-1.785593000
-0.797968000
-1.410568000
-2.402218000
-2.102287000
-1.973006000
-2.956858000
-2.709093000
-0.030111000
-1.458714000
0.621281000
-0.084170000

-0.359712000
0.395902000
-0.921346000
2.130284000
1.547600000
-7.644060000
-6.564028000
-3.973196000
-2.822313000
-8.140004000
-3.541412000
-7.801580000
-5.524469000
-8.350275000
-6.047405000
-7.240036000
-8.497332000
-6.797924000
-7.464692000
-6.234775000
-5.830694000
-7.480242000
-6.904312000
-6.858166000
-5.394917000
-4.425121000
-6.214687000
-4.440045000
-5.400794000
-2.670128000
-2.266805000
-0.046692000
-1.613996000
0.989550000
0.869684000
0.142872000
-2.739293000
-1.207073000
-1.944278000
-1.669217000
0.856932000
-0.003095000
-0.463061000
-1.863402000
-3.042156000
-0.057186000
-3.333436000
3.248368000
2.730351000
4.339348000
6.144235000
5.642092000
5.201660000
2.634925000
3.838424000
2.233426000
3.535127000
2.601321000
1.730817000
0.366809000
-0.217882000
-0.170846000
2.052052000
3.576839000
2.639464000
10.248740000
9.592283000
8.360310000
5.866734000
7.457266000
3.720039000
5.110557000
3.269739000

1.657877000
3.827233000
2.886688000
-0.424825000
1.682585000
0.647122000
1.942771000
1.776462000
0.203179000
-0.707518000
-1.882012000
-2.511145000
-3.085209000
-1.994891000
-1.732512000
-0.645427000
-4.469597000
-3.988401000
-4.516274000
-3.227031000
-1.575596000
-2.160011000
0.723207000
0.087122000
-1.686088000
1.193223000
-1.664253000
-1.568489000
-0.115511000
-2.124472000
-3.701195000
-3.339859000
-1.344242000
-2.857466000
-1.130689000
-1.798036000
-3.543554000
-4.341678000
-3.209071000
-0.110725000
1.248748000
0.287378000
3.188666000
2.155138000
3.754526000
1.127859000
3.536719000
1.584911000
-0.522945000
-0.502609000
1.058092000
2.221100000
2.476264000
0.440035000
1.659166000
1.706524000
8.120526000
7.018160000
8.054880000
6.020861000
7.660653000
6.454437000
5.703554000
6.368754000
5.243917000
1.604952000
3.243575000
-0.145473000
-0.383374000
4.019356000
0.984653000
4.499156000
3.007035000
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3.047445000
1.949038000
-1.369986000
0.185442000
1.621282000
-0.867576000
-0.655147000
-1.909593000
-3.532533000
-2.919612000
-5.077322000
-4.490707000
-5.545739000
2.280002000
0.289195000
-0.125097000
3.713068000
2.591003000
2.295730000
-0.039339000
-1.481517000
-0.372944000
7.720203000
7.972641000
5.811411000
7.511480000
4.786033000
4.442076000
5.689632000
7.793571000
7.864162000
7.252108000
5.686841000
4.906709000
5.282653000
3.848514000
5.619046000
5.110530000
4.042956000
7.796279000
7.550350000
10.354047000
8.389299000
8.899279000
7.155925000
5.374870000
4.711574000
7.448357000
6.214148000
5.415829000
6.387794000
7.649128000
5.978426000
3.937027000
4.308173000
5.151318000
-3.698866000
-4.338746000
-1.833404000
-3.012733000
-3.016992000
-1.481915000
-0.563585000
-1.467693000
-2.066833000
-2.765739000
-2.569129000
-3.528423000
-3.173977000
-0.544554000
-1.753024000
0.223841000
-0.364356000

-0.367105000
-0.065756000
-1.589109000
2.162841000
1.323346000
-7.590466000
-6.528848000
-4.070962000
-3.017777000
-8.237651000
-3.817415000
-7.984533000
-5.787142000
-8.360776000
-6.832005000
-8.489806000
-6.888059000
-5.891993000
-6.181475000
-6.155640000
-6.951369000
-7.838426000
-6.502928000
-5.434676000
-4.441052000
-4.524381000
-6.563732000
-5.156616000
-6.320144000
-2.133632000
-1.683750000
0.480276000
-1.191470000
1.418884000
1.267077000
0.479393000
-2.245482000
-0.712612000
-1.560182000
-1.114090000
1.389334000
0.775800000
0.138113000
-1.207215000
-2.791979000
0.321011000
-3.399182000
3.793183000
3.218491000
4.781219000
6.637095000
6.196283000
5.666572000
2.970765000
4.177530000
2.620592000
3.290819000
2.370164000
1.645310000
0.309531000
-0.380690000
-0.136675000
2.224320000
3.630445000
2.709574000
10.202486000
9.469578000
8.388238000
5.926965000
7.358123000
3.783327000
5.021028000
3.256090000

1.456156000
3.578844000
2.668566000
-0.206616000
1.628465000
0.755824000
2.147364000
1.975095000
0.316990000
-0.909252000
-1.895650000
-2.814838000
-3.301869000
-1.580406000
-1.391034000
-1.790442000
-2.976875000
-2.038066000
-3.757020000
-3.796253000
-3.163174000
-4.223462000
-0.679767000
-1.897820000
-1.580938000
0.998300000
-0.648240000
0.376285000
0.859269000
-2.206947000
-3.765776000
-3.388670000
-1.380917000
-2.798774000
-1.083256000
-1.741955000
-3.620479000
-4.349613000
-3.217383000
-0.186429000
1.182236000
0.279827000
3.136838000
2.113673000
3.378491000
1.169651000
3.061510000
1.541842000
-0.569837000
-0.523341000
1.026724000
2.190211000
2.439696000
0.412446000
1.647251000
1.656652000
8.059680000
6.689089000
8.301726000
5.806894000
7.439529000
6.582894000
6.232281000
6.819235000
5.432460000
1.749286000
3.348445000
-0.099489000
-0.483434000
4.001590000
0.687679000
4.319721000
2.686902000



3.591816000

2.376615000

3.762094000

1.463656000

2.255632000

3.791938000

1.220091000
-0.388395000

1.291529000
-1.242671000
-1.258936000
-2.758385000
-3.758346000
-3.730130000
-4.792753000
-2.766441000
-3.865556000
-2.141175000

3.686850000

2.853567000

3.144162000

0.987102000

0.451532000

1.802911000

1.001345000
-5.363165000
-6.482713000
-4.351767000
-5.738692000
-4.091800000
-5.215293000
-3.638361000
-1.777230000
-0.621873000
-1.011366000
-2.329446000
-8.086915000
-7.503245000
-4.759296000
-5.491153000
-4.060639000
-4.486122000
-6.051114000
-6.299308000
-7.186939000
-6.860005000
-9.239637000
-6.150059000
-6.052316000
-4.516171000
-3.989059000
-6.755683000
-0.518627000

8.160653000

0.777559000
-2.399728000
-5.394724000
-4.533422000
-5.222261000
-6.032093000
-3.147764000
-2.141657000
-1.148486000
-2.173718000
-0.206954000
-1.242760000
-0.251338000
-5.611923000
-6.288573000
-5.021922000
-3.279764000
-1.094180000
-2.925245000

7.011586000
7.514666000
4.914347000
5.985464000
4.414132000
6.740448000
6.546423000
4.089996000
3.975559000
6.605524000
6.656811000
4.716263000
6.899096000
7.044644000
5.856937000
4.741266000
3.806763000
3.448575000
2.343119000
2.433900000
0.073255000
1.573173000
1.105871000
0.597375000
-0.580756000
-1.043632000
-1.599318000
-2.939473000
-3.962240000
-2.722719000
-4.055604000
-5.532828000
-6.102026000
-4.847612000
-2.752932000
-2.221361000
3.469395000
3.522217000
3.171960000
4.695431000
4.139214000
2.426507000
3.230531000
4.751355000
1.024048000
-0.983802000
-0.620902000
-2.629089000
-1.261822000
-0.360038000
1.987767000
-2.045531000
9.841429000
4.208067000
-8.960004000
-7.559328000
0.345886000
-0.777189000
-1.426108000
-2.335969000
-0.224487000
-1.282197000
-1.686312000
-1.883330000
-2.655201000
-2.861475000
-3.247104000
0.927147000
-0.026447000
-0.939253000
0.489115000
-1.219456000
-1.585787000

-1.859759000
-0.851435000
-0.746403000
0.955429000
1.144939000
1.134060000
-2.302155000
-2.475736000
-4.337454000
-3.917730000
-2.154602000
-2.057261000
-3.974385000
-2.215768000
-2.988516000
-5.109874000
-4.075381000
-4.072908000
-4.708309000
-3.292389000
-4.440815000
-6.025474000
-3.368350000
-2.353027000
-3.415154000
4.825833000
3.572716000
3.559974000
3.906471000
6.169943000
6.276478000
5.461966000
4.196513000
3.811439000
4.204475000
5.221931000
0.733244000
-1.461391000
-1.645178000
-1.108941000
0.810314000
0.685146000
2.388741000
1.509755000
0.500764000
-1.707617000
-0.636882000
0.112314000
1.234943000
-0.428347000
8.644783000
5.259797000
2.281956000
0.195608000
-2.481265000
2.123690000
-5.260968000
-4.832599000
-3.656437000
-3.739026000
-4.453108000
-4.056694000
-4.958077000
-2.787696000
-4.605127000
-2.434966000
-3.341210000
-4.448880000
-5.576941000
-2.687681000
-3.631249000
-5.937144000
-2.064838000
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3.087850000

1.884591000

3.367156000

1.097588000

1.958140000

3.400963000

0.732618000
-0.768001000

1.030020000
-1.723700000
-1.773312000
-3.148086000
-4.274484000
-4.256419000
-5.239654000
-3.120430000
-4.174305000
-2.431100000

3.525511000

2.826022000

2.951557000

0.760018000

0.329885000

1.713677000
0.857496000
-5.346051000
-6.323238000
-4.047985000
-5.303380000
-3.876428000
-4.908045000
-3.209106000
-1.160881000
-0.144289000
-0.701883000
-2.307812000
-8.350017000
-7.773282000
-4.995231000
-5.828816000
-4.390285000
-4.685161000
-6.314704000
-6.690014000
-7.220940000
-6.866017000
-9.237807000
-6.061321000
-5.968646000
-4.499034000
-4.332720000
-6.617542000
-1.149347000

7.841188000

1.908729000
-2.001403000
-5.604918000
-4.594360000
-5.223554000
-5.688991000
-3.369163000
-2.252668000
-1.241017000
-2.222589000
-0.222858000
-1.216422000
-0.209906000
-5.952717000
-6.403044000
-5.307384000
-3.690941000
-1.235452000
-2.991914000

7.249440000
7.729522000
5.184441000
6.203026000
4.669070000
7.051306000
6.686008000
4.157825000
4.101357000
6.509650000
6.704880000
4.673397000
6.641258000
6.927827000
5.615487000
4.478365000
3.557341000
3.308654000
2.526503000
2.636380000
0.267151000
1.809583000
1.387569000
0.894669000
-0.307899000
-1.330484000
-1.837481000
-2.905454000
-4.123743000
-2.998746000
-4.405799000
-5.682585000
-6.096762000
-4.800032000
-2.520618000
-2.286545000
2.995393000
3.110462000
2.890918000
4.393095000
4.053381000
2.307696000
3.089197000
4.520678000
0.630972000
-1.293283000
-1.073704000
-2.987420000
-1.657795000
-0.646894000
1.654555000
-2.544516000
9.849411000
4.781644000
-8.629615000
-7.679237000
0.047253000
-0.987456000
-2.055742000
-3.101479000
-0.346967000
-1.333855000
-1.528654000
-2.099631000
-2.458964000
-3.043956000
-3.223217000
0.431526000
-0.371455000
-1.780813000
0.116027000
-0.932306000
-1.957831000

-1.885985000
-0.853327000
-0.745124000
1.024419000
1.213101000
1.097527000
-2.273280000
-2.367935000
-4.157036000
-3.991915000
-2.239882000
-2.009178000
-4.082538000
-2.341179000
-3.011579000
-5.051942000
-3.958894000
-3.915449000
-4.803306000
-3.322173000
-4.434119000
-5.933664000
-3.271995000
-2.295788000
-3.286325000
5.117936000
3.733509000
3.670650000
3.811986000
6.283565000
6.204425000
5.315881000
4.519692000
4.001502000
4.599134000
5.175051000
0.904503000
-1.298585000
-1.474084000
-1.038741000
0.917716000
0.888007000
2.543537000
1.563648000
0.706390000
-1.556785000
-0.414818000
0.182341000
1.349097000
-0.290966000
8.308862000
5.325488000
2.377909000
0.154024000
-3.277321000
2.100750000
-4.976101000
-4.705613000
-3.840674000
-4.258451000
-4.029680000
-3.771517000
-4.721115000
-2.596320000
-4.504258000
-2.382121000
-3.334436000
-4.096053000
-5.449276000
-2.769843000
-3.090735000
-5.628836000
-1.846057000
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-1.294260000
0.479118000
0.570482000

-4.457005000

-2.777462000

-2.959291000

-2.093720000

-3.284186000

-1.509321000
1.219159000
0.905779000
0.994925000

1.358708000
1.033357000
1.983251000
3.383596000
3.291488000
2.273171000
0.895373000
1.476427000
0.407126000
-0.861729000
-1.842502000
-1.545625000
-0.302135000
0.661636000
0.996755000
-0.867541000
-1.785757000
-2.026208000
-2.615326000
-2.959655000
-3.339952000
-2.812123000
-4.240701000
-3.702153000
-4.407770000
2.413603000
0.901745000
3.063964000
0.070798000
7.580780000
6.630682000
7.415364000
7.475500000
5.836193000
8.113042000
7.152506000
7.623265000
7.613353000
5.694573000
4.749942000
5.183350000
7.981574000
8.175750000
9.569217000
10.291340000
7.955586000
6.644376000
6.404145000
5.503522000
5.181576000
4.610753000
6.646612000
5.502124000
6.260559000
4.459521000
-3.694429000
-2.479379000

-3.318611000
-4.000029000
-2.928806000
-1.496793000
0.344050000
-0.351918000
1.314772000
0.980980000
1.972340000
-2.933753000
-2.015705000
-3.223586000
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-2.987511000
-3.106646000
-2.326244000
-2.259708000
-1.379646000
-1.891549000
-3.783639000
-0.687075000
-0.172751000
-0.775705000
-0.362453000
0.670401000
1.307700000
0.879328000
-1.049820000
-7.013866000
-6.122786000
-4.784993000
-6.510994000
-4.318036000
-5.352448000
-7.717688000
-5.378155000
-7.743434000
-6.583232000
-7.849988000
-7.740822000
-6.517459000
-7.446241000
-5.351716000
-4.570723000
-3.546015000
-2.360538000
-5.502243000
-0.872704000
0.222359000
1.130601000
2.361239000
-0.237681000
0.945890000
-1.128677000
0.500120000
1.237802000
1.863596000
1.874787000
0.352580000
-0.359341000
-1.477899000
-0.176090000
-1.962759000
-1.180892000
5.117007000
4.480506000
6.396427000
3.766047000
2.779131000
1.843697000

-1.452170000
-3.063133000
-5.311553000
-5.653786000
-5.310876000
0.795135000
-1.118232000
-1.224766000
-1.976827000
5.840660000
5.827405000
4.928169000

1.705510000
0.230884000
-0.688370000
-0.067287000
1.181930000
2.211805000
2.506014000
2.895692000
1.942235000
1.934337000
1.045192000
0.148318000
0.138045000
1.048734000
4.123470000
1.914729000
1.144447000
1.360491000
0.031967000
0.454049000
-0.373740000
-0.662448000
-1.443792000
-1.731626000
-2.117600000
-2.032157000
-1.773970000
-2.424592000
-3.026577000
-1.330023000
-0.523195000
0.263577000
-0.028688000
0.388619000
-2.711559000
-2.503923000
-1.370051000
-1.459803000
-2.238286000
-2.006526000
-3.375086000
-0.222297000
1.012909000
1.035111000
2.009051000
2.240482000
2.218988000
2.998417000
1.487621000
2.756971000
1.833595000
0.680686000
-0.121460000
1.430602000
0.745298000
7.377834000
7.364101000
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-1.222491000
0.580892000
0.568112000

-4.300888000

-3.024393000

-2.831159000

-2.281687000

-3.434622000

-1.865191000
1.949243000
1.503214000
1.779912000

1.354032000
1.694377000
2.558835000
3.765263000
3.320393000
2.195295000
0.388101000
1.466345000
0.380440000
-0.905816000
-1.862399000
-1.531824000
-0.272499000
0.671539000
0.957100000
-0.928038000
-1.844721000
-2.065138000
-2.693809000
-3.002763000
-3.405819000
-2.917277000
-4.323394000
-3.823107000
-4.518453000
2.371101000
0.953060000
3.278891000
0.099643000
7.407865000
6.600792000
7.476778000
7.390730000
6.061758000
8.169345000
7.166397000
7.625612000
7.657478000
5.727424000
4.745989000
5.225978000
7.932619000
8.175224000
9.583309000
10.269424000
7.961733000
6.590455000
6.214042000
5.515427000
4.976101000
4.529443000
6.673997000
5.530344000
6.291965000
4.481895000
-3.703312000
-2.513601000

-3.636484000
-3.947266000
-2.565441000
-1.450582000
0.461751000
-0.730842000
1.293569000
0.841693000
2.191533000
-3.245195000
-2.405692000
-3.760358000

TS3

-3.054400000
-3.867216000
-3.107057000
-2.540792000
-1.491678000
-1.948176000
-3.424624000
-0.728431000
-0.183186000
-0.750675000
-0.309332000
0.715833000
1.321648000
0.864574000
-1.019824000
-7.061866000
-6.170457000
-4.825710000
-6.565106000
-4.360241000
-5.401840000
-7.780965000
-5.433620000
-7.813028000
-6.649895000
-7.783742000
-7.415216000
-6.567324000
-6.723647000
-5.209992000
-4.587533000
-3.591330000
-2.380140000
-5.662278000
-0.772297000
0.267373000
1.123037000
2.355903000
-0.259503000
0.878574000
-1.111249000
0.445466000
1.153738000
1.750551000
1.854273000
0.273725000
-0.302787000
-1.149270000
-0.256416000
-1.616620000
-1.078668000
5.052549000
4.441011000
6.307899000
3.701810000
2.580577000
1.613168000

-1.472959000
-3.163089000
-5.239732000
-5.654214000
-4.681429000
0.875369000
-0.786613000
-0.881818000
-1.518918000
5.643811000
5.401726000
4.836110000

1.758730000
0.525110000
-0.475139000
0.262632000
1.286247000
2.205112000
2.444564000
2.857277000
1.955182000
1.933977000
1.033077000
0.141704000
0.147161000
1.064457000
4.156280000
1.630401000
0.856417000
1.054774000
-0.237954000
0.151824000
-0.655454000
-0.907799000
-1.710267000
-1.962880000
-2.357780000
-2.324020000
-1.856267000
-2.537329000
-2.923686000
-1.740618000
-0.678322000
0.044957000
-0.094975000
0.261823000
-2.770946000
-2.489187000
-1.311936000
-1.362516000
-2.234254000
-1.930816000
-3.404172000
-0.174966000
1.066482000
1.069571000
2.064043000
2.294722000
2.377645000
3.408102000
1.537048000
3.205487000
2.063542000
0.859696000
0.037321000
1.651150000
0.876380000
7.380401000
7.373292000



-2.870724000
-1.830994000
-2.922647000
-2.868282000
-3.486044000
-2.173254000
-3.208037000
-2.410428000
-1.393256000
-1.890751000
-0.890308000
-1.135741000
2.052384000
1.954417000
1.008698000
1.110441000
1.580511000
2.515664000
0.036751000
-0.960989000
-0.313871000
-0.754314000
-2.170413000
-3.539552000
-4.666049000
-3.749307000
2.424819000
2.029074000
1.313198000
1.441658000
1.052723000
-5.641243000
-4.255427000
-3.551157000
-2.175229000
-1.155045000
0.041934000
-1.260202000
-7.497251000
-7.240003000
-7.037488000
-6.960564000
-5.971657000
-5.379616000
-6.626667000
-6.959816000
-6.929509000
-8.248838000
-8.340477000
-5.735221000
-4.512404000
2.790998000
1.053128000
-0.006148000
1.607966000
2.021984000
3.731324000
4.103937000
3.005329000
2.244430000
-1.075967000
-0.093129000
1.620777000
-0.134042000
-0.315602000
-1.578193000
-3.301400000
-2.270488000
-4.783216000
-3.857442000
-5.090589000
2.903456000
0.719967000

0.433280000
1.812163000
9.360664000
8.007710000
7.638346000
6.832111000
6.312767000
5.788013000
6.547545000
4.498269000
5.261178000
4.247101000
7.283728000
5.858539000
4.993712000
3.756941000
5.737666000
6.440608000
5.629171000
4.870066000
4.201113000
3.209818000
5.751277000
5.048928000
6.082789000
3.905742000
2.377354000
0.965936000
0.685385000
-0.332207000
0.667551000
-2.435631000
-3.053192000
-3.234892000
-3.715758000
-2.972171000
-3.545728000
-1.659864000
2.106667000
2.015839000
0.567338000
0.270550000
2.880718000
3.075446000
3.146906000
-0.328111000
-1.761093000
-2.375025000
-3.451495000
-2.417058000
-2.075434000
-2.341519000
-4.177007000
-2.792765000
-1.307727000
-2.800125000
-3.264968000
-1.836394000
-0.379583000
0.105508000
-1.572531000
2.116862000
1.387499000
-7.499487000
-6.445965000
-4.125660000
-3.365583000
-8.613531000
-4.494146000
-8.667803000
-6.622137000
-8.230534000
-6.958017000

7.820911000
5.972218000
1.984638000
1.339797000
0.170438000
1.817236000
-0.119178000
0.874560000
2.952820000
1.033488000
3.125048000
2.174786000
-1.117652000
-0.818871000
-1.636598000
-1.619272000
0.670942000
1.471399000
-2.320840000
-3.042643000
-4.256627000
-4.799134000
-3.439103000
-3.323051000
-3.451345000
-4.322222000
-4.371073000
-4.392854000
-5.702033000
-6.358757000
-3.240959000
4.880665000
4.696738000
6.046465000
5.925259000
5.476515000
5.240162000
5.294797000
0.821048000
-0.629322000
-1.081810000
-2.277485000
-0.883075000
0.520779000
1.400423000
-0.071387000
-0.271462000
0.186436000
0.737320000
0.411440000
-0.231104000
3.054782000
0.002720000
0.095943000
-0.850484000
-1.670641000
0.197740000
-0.767183000
0.849995000
2.975605000
2.634828000
-0.552821000
1.069578000
1.259237000
2.668790000
2.088787000
0.367337000
-0.371931000
-1.750005000
-2.280258000
-2.960564000
-1.126873000
-1.023988000
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-2.918789000
-1.928739000
-2.874462000
-2.831349000
-3.444521000
-2.154256000
-3.181325000
-2.397283000
-1.386065000
-1.894895000
-0.899392000
-1.150417000
2.100119000
1.995932000
1.055242000
1.162044000
1.608703000
2.538560000
0.080173000
-0.912583000
-0.256418000
-0.700845000
-2.118153000
-3.489128000
-4.612475000
-3.695771000
2.497837000
2.059471000
1.320194000
1.463281000
1.098493000
-5.688819000
-4.442094000
-3.720920000
-2.410902000
-1.365601000
-0.274706000
-1.365074000
-7.500267000
-7.224855000
-7.031599000
-6.943094000
-5.941055000
-5.356573000
-6.610138000
-6.974230000
-6.941664000
-8.278501000
-8.392663000
-5.775028000
-4.529610000
2.597975000
2.229270000
0.748795000
1.985886000
2.884433000
4.283784000
4.482672000
3.028507000
2.232211000
-1.150163000
-0.035968000
1.646424000
-0.228187000
-0.337305000
-1.586942000
-3.345823000
-2.384269000
-4.859522000
-3.999790000
-5.217191000
2.833171000
1.024866000

0.240617000
1.476481000
9.314205000
7.981443000
7.656383000
6.782925000
6.336749000
5.771549000
6.453611000
4.470988000
5.156586000
4.175526000
7.313830000
5.877555000
5.050837000
3.815125000
5.694978000
6.360468000
5.715168000
4.986452000
4.366025000
3.405259000
5.884284000
5.181222000
6.221696000
4.073165000
2.510808000
1.110837000
0.878131000
-0.097327000
0.826228000
-2.556109000
-3.429433000
-3.524412000
-4.169025000
-3.588953000
-4.312487000
-2.285211000
2.134234000
2.093789000
0.659453000
0.401321000
2.948633000
3.064112000
3.125763000
-0.270445000
-1.695293000
-2.322825000
-3.420833000
-2.378297000
-2.003532000
-2.518268000
-4.763059000
-4.221946000
-2.296023000
-3.768285000
-3.346005000
-2.092485000
-0.585802000
0.050557000
-1.556351000
2.129888000
1.341381000
-7.590380000
-6.484236000
-4.159642000
-3.406218000
-8.679135000
-4.549720000
-8.744446000
-6.698001000
-8.443763000
-6.768788000

7.924135000
5.959389000
2.254298000
1.567180000
0.382128000
2.012495000
0.053878000
1.036062000
3.144069000
1.158810000
3.279425000
2.296528000
-0.878798000
-0.640395000
-1.502477000
-1.548454000
0.839773000
1.677522000
-2.154297000
-2.913790000
-4.147934000
-4.739671000
-3.284404000
-3.201431000
-3.301737000
-4.239910000
-4.344572000
-4.380833000
-5.686503000
-6.401434000
-3.213603000
4.725164000
4.634348000
5.984783000
5.870171000
5.267030000
4.944246000
4.999565000
0.812463000
-0.636792000
-1.138960000
-2.342657000
-0.840920000
0.574562000
1.445867000
-0.158346000
-0.407890000
-0.026722000
0.475371000
0.296275000
-0.279292000
3.308261000
0.871925000
0.105526000
-0.940046000
-1.282426000
0.793302000
-0.425873000
0.743382000
2.958467000
2.609014000
-0.536054000
1.089832000
0.972321000
2.347681000
1.756729000
0.083925000
-0.608068000
-2.029438000
-2.493072000
-3.187611000
-1.579137000
-0.970618000
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0.546326000
4.146822000
2.891702000
2.658927000
0.338527000
-0.995761000
0.222597000
8.230635000
8.133481000
5.965295000
8.017678000
5.311349000
5.102361000
6.503179000
7.884877000
8.007460000
7.163502000
5.737361000
4.677027000
5.080009000
3.741640000
5.804083000
5.174737000
4.160753000
8.011071000
7.472609000
9.872775000
8.043282000
8.759282000
7.051055000
5.253505000
4.737996000
7.037017000
5.931439000
5.013406000
5.949493000
7.100688000
5.422903000
3.675947000
3.974044000
4.926798000
-3.416107000
-4.461321000
-1.737892000
-3.620406000
-3.312115000
-2.004087000
-0.925841000
-1.553905000
-2.528107000
-3.541118000
-3.342812000
-4.110402000
-3.604350000
-1.192562000
-2.072584000
-0.289774000
-0.718978000
2.398611000
1.172318000
2.946306000
0.562028000
1.581850000
2.752168000
0.035159000
-1.303756000
0.605674000
-2.044731000
-2.173388000
-3.586917000
-4.661163000
-4.565342000
-5.643253000

-8.677210000
-6.621147000
-5.757945000
-6.129243000
-6.487047000
-7.410567000
-8.223307000
-5.857501000
-4.744022000
-4.030339000
-3.945282000
-6.245112000
-4.951618000
-6.029042000
-1.647457000
-1.231520000
0.854822000
-0.845236000
1.569606000
1.595742000
0.594877000
-2.019358000
-0.580860000
-1.463776000
-0.512703000
2.082543000
2.313777000
0.973237000
-0.389192000
-1.878675000
0.566161000
-2.804338000
4.377784000
3.768193000
5.263174000
7.176858000
6.786927000
6.227106000
3.313966000
4.457219000
2.965659000
3.796063000
2.425148000
2.236242000
0.008406000
0.443048000
-0.236336000
1.195073000
2.817070000
1.401107000
10.047075000
9.308131000
8.223275000
5.791370000
7.320764000
3.729177000
5.032063000
3.256553000
7.469113000
7.775495000
5.421299000
6.127253000
4.689980000
7.221606000
6.637404000
4.061011000
4.699080000
6.151858000
6.614432000
4.591506000
6.531065000
6.899393000
5.614290000

-1.325251000
-2.552448000
-1.651663000
-3.364960000
-3.478891000
-2.786546000
-3.785180000
-0.730594000
-1.930236000
-1.204490000
1.104844000
-0.216756000
0.983339000
1.079961000
-2.090804000
-3.655952000
-3.397271000
-1.325874000
-2.902606000
-1.192893000
-1.769502000
-3.502596000
-4.324628000
-3.173808000
-0.180395000
1.010101000
0.071243000
3.136937000
2.301800000
3.666048000
0.751090000
3.259337000
1.394854000
-0.830269000
-0.718139000
0.726189000
2.014261000
2.114660000
0.126415000
1.438694000
1.332708000
7.081429000
6.677780000
8.073811000
7.139928000
8.822892000
7.843373000
5.965780000
5.635287000
5.229843000
1.400157000
2.996348000
-0.489877000
-0.883331000
3.688951000
0.291561000
4.000340000
2.328613000
-2.053058000
-0.984558000
-0.955116000
0.814667000
0.974601000
0.941544000
-2.366407000
-2.390082000
-4.624042000
-4.452606000
-2.764216000
-2.323064000
-4.451218000
-2.727956000
-3.299484000
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0.435090000
4.287296000
3.372546000
2.884411000
0.556743000
-0.891631000
-0.032917000
8.207225000
7.770693000
5.784187000
8.282678000
5.479096000
5.423017000
6.882504000
8.013349000
8.030600000
7.145074000
5.800198000
4.609642000
5.084665000
3.763279000
5.871821000
5.181478000
4.218660000
7.938895000
7.493277000
9.932110000
8.186455000
8.687489000
6.777437000
5.377626000
4.411859000
7.064672000
5.961600000
5.046559000
5.977906000
7.135314000
5.457607000
3.693900000
4.002821000
4.940164000
-3.412142000
-4.506395000
-1.732635000
-3.699167000
-3.316498000
-2.066837000
-1.044278000
-1.638580000
-2.671018000
-3.480275000
-3.302822000
-4.056756000
-3.571111000
-1.181438000
-2.080504000
-0.308007000
-0.746313000
2.454014000
1.219460000
2.987481000
0.590100000
1.604555000
2.782816000
0.074096000
-1.261478000
0.672365000
-1.985790000
-2.123833000
-3.544354000
-4.599951000
-4.514712000
-5.591761000

-8.324265000
-6.863180000
-5.992465000
-5.893440000
-5.793974000
-6.479405000
-7.374679000
-5.703981000
-4.507924000
-4.037699000
-4.028576000
-6.386238000
-5.232440000
-6.193802000
-1.571083000
-1.118292000
0.949963000
-0.913204000
1.521607000
1.523383000
0.479591000
-1.975282000
-0.521799000
-1.488036000
-0.569566000
2.015763000
2.092598000
0.870683000
-0.548885000
-1.374678000
0.259916000
-2.272776000
4.291260000
3.747332000
5.241463000
7.110634000
6.678942000
6.117504000
3.284297000
4.368806000
2.870530000
3.571357000
2.208256000
2.026061000
-0.204790000
0.314632000
-0.448546000
0.829734000
2.449134000
1.039688000
10.026088000
9.234879000
8.269065000
5.846196000
7.201184000
3.727044000
4.893047000
3.175742000
7.535726000
7.801447000
5.442865000
6.081267000
4.635274000
7.161745000
6.724397000
4.152639000
4.870668000
6.321870000
6.722130000
4.690899000
6.703944000
7.012793000
5.750746000

-1.525497000
-2.844955000
-1.608913000
-3.305034000
-3.273311000
-2.532091000
-3.795918000
-1.347382000
-2.381132000
-1.153904000
0.668798000
-0.312189000
1.038324000
0.755558000
-2.159082000
-3.716289000
-3.344564000
-1.357812000
-2.806050000
-1.115552000
-1.660945000
-3.582523000
-4.327386000
-3.198654000
-0.157994000
1.095307000
0.077057000
3.182826000
2.285790000
4.218031000
0.605981000
3.868427000
1.550084000
-0.688856000
-0.539441000
0.973577000
2.242760000
2.333811000
0.238954000
1.597490000
1.426641000
7.015383000
6.732368000
8.026585000
7.294289000
8.941789000
7.945212000
5.953193000
5.546197000
5.277956000
1.687286000
3.260738000
-0.264235000
-0.733723000
3.905219000
0.392538000
4.151261000
2.421706000
-1.803373000
-0.734633000
-0.786931000
0.991053000
1.098857000
1.182617000
-2.150963000
-2.297432000
-4.482391000
-4.281602000
-2.578374000
-2.217601000
-4.285620000
-2.550111000
-3.172382000



-3.687710000
-4.741319000
-3.001034000

3.380486000

2.350702000

2.877354000
0.629500000
0.142581000

1.525761000
0.780637000
-5.572803000
-6.156065000
-3.646370000
-4.328711000
-3.553321000
-4.084872000
-2.015166000

0.048949000

0.671781000
-0.457145000
-2.109221000
-8.477890000
-8.076466000
-5.278970000
-6.270712000
-4.757236000
-4.775449000
-6.424309000
-7.076701000
-7.105403000
-6.870982000
-9.138476000
-5.833673000
-5.712829000
-4.410356000
-4.148229000
-6.268809000
-1.924367000

7.476409000

2.594514000
-1.413008000
-5.634847000
-4.549922000
-5.099655000
-5.399114000
-3.376050000
-2.182576000
-1.145491000
-2.117960000
-0.066317000
-1.056664000
-0.022967000
-6.014318000
-6.399259000
-5.290146000
-3.722876000
-1.171763000
-2.904278000
-1.042029000

0.812444000

0.743536000
-4.216274000
-3.112750000
-2.812906000
-2.566465000
-3.676247000
-2.310051000

3.153431000

3.214265000

2.320833000

4.276986000
3.464129000
3.122159000
2.494492000
2.761876000
0.273365000
1.501908000
1.265136000
0.927097000
-0.388575000
-1.440144000
-2.332891000
-2.416321000
-4.027669000
-2.300444000
-3.964591000
-4.706924000
-4.531225000
-2.980904000
-1.186402000
-1.169316000
2.275869000
2.388396000
2.405032000
3.845351000
3.968024000
2.207130000
2.934023000
4.149224000
0.090187000
-1.916942000
-1.747473000
-3.501466000
-2.137919000
-1.109324000
2.828215000
-3.055611000
9.805097000
5.341038000
-8.595504000
-7.816487000
-0.620824000
-1.580753000
-2.720764000
-3.818574000
-0.873972000
-1.783819000
-1.792143000
-2.681684000
-2.668561000
-3.580630000
-3.570515000
-0.274910000
-1.085660000
-2.454628000
-0.498171000
-1.095640000
-2.675830000
-4.284852000
-4.256112000
-2.625471000
-1.993258000
-0.000650000
-0.836661000
1.108174000
0.549630000
2.026421000
-2.108679000
-1.963036000
-1.639714000

-5.352012000
-4.181256000
-4.203458000
-4.690514000
-3.432834000
-4.324748000
-6.011436000
-3.335568000
-2.289688000
-3.225967000
5.332306000
3.920863000
4.044912000
4.201070000
6.618158000
6.658663000
6.019181000
5.023452000
4.667206000
4.805879000
5.515864000
1.016180000
-1.231496000
-1.578276000
-1.303829000
0.604803000
0.800462000
2.454730000
1.336876000
0.848487000
-1.356720000
-0.027069000
0.350388000
1.472817000
-0.280634000
8.373430000
5.529814000
2.078403000
-0.001279000
-2.817991000
2.426841000
-4.778254000
-4.529589000
-3.700566000
-4.135925000
-3.829987000
-3.653881000
-4.594982000
-2.578601000
-4.465160000
-2.459135000
-3.399362000
-3.895025000
-5.263749000
-2.640788000
-2.861416000
-5.427967000
-1.833010000
-1.633989000
-3.298022000
-5.186231000
-5.488230000
-4.434517000
1.039884000
-0.785313000
-0.765299000
-1.565921000
5.245028000
6.197375000
4.953910000
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-3.628475000
-4.689523000
-2.949863000

3.460072000

2.424295000

2.890396000

0.612151000

0.208418000

1.603581000
0.792078000
-5.428925000
-6.214873000
-3.757441000
-4.700843000
-3.594337000
-4.301759000
-2.394223000
-0.367565000

0.227811000
-0.522069000
-2.127855000
-8.478817000
-8.048091000
-5.251687000
-6.221499000
-4.713100000
-4.776057000
-6.423020000
-7.035413000
-7.134230000
-6.840307000
-9.158386000
-5.864368000
-5.797297000
-4.432578000
-4.115335000
-6.389677000
-1.871664000

7.503931000

2.306008000
-1.478618000
-5.694207000
-4.535387000
-4.982017000
-5.351685000
-3.397653000
-2.157995000
-1.189299000
-1.966185000
-0.056566000
-0.838623000
0.123728000
-6.059727000
-6.442737000
-5.027157000
-3.762133000
-1.310137000
-2.707103000
-0.724025000

1.012222000

0.699343000
-4.207685000
-3.171923000
-2.841521000
-2.531870000
-3.639057000
-2.261507000

2.759807000

2.416038000

1.615968000

4.479099000
3.629524000
3.284156000
2.601872000
2.888528000
0.395091000
1.692858000
1.456601000
1.056395000
-0.219838000
-1.527754000
-2.523896000
-3.019852000
-4.440954000
-2.536230000
-4.110897000
-5.176404000
-5.317641000
-3.956854000
-1.821076000
-1.701407000
2.320833000
2.499125000
2.496220000
3.937877000
3.936051000
2.168973000
2.860739000
4.140494000
0.116698000
-1.812661000
-1.683912000
-3.459320000
-2.147137000
-1.035960000
2.698146000
-2.936200000
9.743143000
5.296999000
-8.365553000
-7.829130000
-0.514050000
-1.384427000
-2.514695000
-3.603391000
-0.555040000
-1.374590000
-1.566835000
-1.987815000
-2.344546000
-2.772604000
-2.948160000
-0.146233000
-1.058759000
-2.264816000
-0.094804000
-1.085642000
-1.855869000
-3.246500000
-3.539179000
-2.444411000
-1.822379000
0.260377000
-0.764912000
1.172488000
0.607502000
2.108952000
-2.771149000
-3.656356000
-1.672208000

-5.256150000
-4.118675000
-4.144396000
-4.652477000
-3.403737000
-4.341398000
-5.939842000
-3.278561000
-2.271779000
-3.204133000
5.000577000
3.766810000
3.882650000
4.302259000
6.437586000
6.698982000
5.930789000
4.973545000
4.123276000
4.627978000
5.298177000
1.001745000
-1.235776000
-1.554734000
-1.215039000
0.704702000
0.818104000
2.491138000
1.423841000
0.772793000
-1.495096000
-0.247084000
0.181783000
1.369003000
-0.297063000
8.388434000
5.476002000
2.369119000
0.184775000
-3.253296000
2.189404000
-4.900231000
-4.643461000
-3.742850000
-4.149965000
-4.025600000
-3.747019000
-4.740931000
-2.500743000
-4.496251000
-2.252264000
-3.249161000
-4.020130000
-5.323488000
-2.663738000
-3.100915000
-5.707393000
-1.722225000
-1.282679000
-3.054230000
-5.267970000
-5.592868000
-4.719701000
1.015309000
-0.803556000
-0.824350000
-1.556790000
4.610217000
4.791723000
4.557579000
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1.665950000
2.168866000
2.445554000
3.371706000
2.850663000
1.928491000
1.024600000
1.344087000
0.240103000
-1.039794000
-2.016272000
-1.699715000
-0.447697000
0.511493000
0.826827000
-0.842639000
-1.703661000
-1.833182000
-2.605093000
-2.767810000
-3.257359000
-2.911191000
-4.198074000
-3.841838000
-4.478228000
2.468109000
1.136551000
3.338002000
0.164822000
7.653258000
6.668432000
7.421231000
7.491748000
5.847954000
8.173023000
7.195784000
7.652471000
7.655004000
5.737626000
4.773424000
5.255410000
7.996060000
8.191971000
9.583511000
10.238112000
7.960929000
6.576206000
6.134180000
5.517857000
4.863647000
4.480038000
6.658452000
5.524242000
6.264695000
4.473558000
-3.983321000
-2.509418000
-2.348260000
-1.905673000
-2.927505000
-2.881501000
-3.475725000
-2.219752000
-3.212660000
-2.452083000
-1.475312000
-1.963284000
-1.002713000
-1.244080000
2.068991000
1.975807000
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-3.181607000
-4.204363000
-3.610904000
-2.400974000
-1.425495000
-1.822871000
-3.645802000
-0.650567000
-0.051546000
-0.627797000
-0.189983000
0.828228000
1.446918000
1.004964000
-0.958727000
-7.113312000
-6.093557000
-4.753650000
-6.363616000
-4.176703000
-5.138991000
-7.519099000
-5.051510000
-7.431333000
-6.207216000
-7.710288000
-7.172337000
-6.644701000
-6.675419000
-5.252880000
-4.520193000
-3.535100000
-2.338203000
-5.499971000
-0.684274000
0.382263000
1.216423000
2.451394000
-0.114610000
1.040471000
-0.926729000
0.518940000
1.189463000
1.817311000
1.921605000
0.249845000
-0.304567000
-1.188645000
-0.163905000
-1.562455000
-0.948890000
5.079547000
4.491418000
6.311884000
3.721680000
1.713088000
1.404787000
-0.014578000
2.441179000
9.225691000
7.916540000
7.630334000
6.702332000
6.319525000
5.721150000
6.336702000
4.413915000
5.032195000
4.080440000
7.343930000
5.901821000

2.110894000
1.108976000
-0.268424000
-0.142633000
0.895907000
1.896635000
3.114869000
2.701030000
1.858177000
1.869238000
0.991440000
0.084352000
0.069758000
0.975712000
3.986526000
1.457491000
0.792538000
1.086758000
-0.296073000
0.243700000
-0.612583000
-1.036809000
-1.643735000
-2.065963000
-2.364281000
-2.507734000
-1.958824000
-3.183171000
-3.033209000
-1.589012000
-0.777220000
0.088211000
-0.145277000
0.056368000
-2.741898000
-2.467546000
-1.273330000
-1.293261000
-2.253394000
-1.959642000
-3.460429000
-0.161152000
1.110398000
1.167868000
2.183603000
2.294074000
2.317085000
3.286194000
1.453823000
3.003495000
1.895365000
0.996737000
0.144396000
1.818113000
0.952499000
7.696370000
7.408712000
6.841085000
6.450485000
2.479295000
1.750890000
0.546373000
2.173503000
0.183583000
1.164947000
3.309752000
1.262333000
3.419433000
2.405762000
-0.693891000
-0.490436000
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2.643969000
3.065423000
2.806847000
3.254508000
2.636544000
2.299895000
2.632818000
1.610579000
0.389497000
-0.746791000
-1.859774000
-1.816626000
-0.705562000
0.395349000
1.166970000
-0.019792000
-0.984715000
-1.352158000
-1.752550000
-2.310321000
-2.576806000
-1.823128000
-3.462975000
-2.695159000
-3.509220000
3.261318000
1.790704000
4.105357000
1.011262000
7.828253000
7.064399000
7.969199000
7.973447000
6.554411000
8.063753000
6.943286000
7.368883000
7.324191000
5.615452000
4.522597000
5.148462000
7.759073000
7.901358000
8.969623000
8.999413000
8.274037000
7.329809000
7.722054000
6.028861000
6.680336000
5.635634000
5.892980000
4.833331000
5.364935000
3.907282000
-4.087694000
-2.617915000
-2.001757000
-2.469383000
-4.104015000
-3.924546000
-4.502707000
-3.125793000
-4.101278000
-3.264338000
-2.328776000
-2.632798000
-1.715040000
-1.865356000
0.996326000
1.116165000
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-2.602341000
-3.825158000
-3.759994000
-2.402572000
-1.298463000
-1.376941000
-2.686445000
-0.156762000
0.183576000
-0.633727000
-0.401020000
0.650897000
1.482703000
1.245706000
-0.345190000
-7.189111000
-6.247654000
-4.989598000
-6.517031000
-4.464853000
-5.380377000
-7.605162000
-5.315511000
-7.537015000
-6.401545000
-7.486195000
-7.111548000
-6.337915000
-6.750130000
-4.423093000
-3.750777000
-2.723822000
-1.536634000
-4.778461000
0.251254000
1.127980000
2.034208000
3.268430000
0.397719000
1.389171000
-0.474408000
1.406060000
2.156443000
3.230500000
4.227216000
1.207624000
0.049145000
-1.127793000
-0.184510000
-2.004419000
-1.464438000
5.821286000
5.043482000
7.018604000
4.184760000
0.964432000
1.226166000
0.011204000
2.484670000
8.787977000
7.483660000
7.117566000
6.355832000
5.839441000
5.341985000
6.088953000
4.098332000
4.845249000
3.859408000
7.454416000
6.012776000

2.464843000
1.683479000
0.182517000
-0.361716000
0.430763000
1.739426000
3.702477000
2.392314000
1.563787000
1.670492000
0.882600000
-0.037796000
-0.164812000
0.655413000
3.730983000
1.685935000
1.045159000
1.469228000
-0.143234000
0.619321000
-0.374303000
-1.031629000
-1.452988000
-2.113287000
-2.319045000
-2.337688000
-2.091234000
-2.903906000
-3.358994000
-1.854702000
-0.789647000
-0.141167000
-0.426978000
0.212812000
-2.996134000
-2.620671000
-1.460429000
-1.525797000
-2.269577000
-1.852282000
-3.439109000
-0.324360000
0.910685000
0.770560000
1.461639000
2.066103000
2.207352000
2.813621000
1.806508000
2.755896000
2.150463000
0.729554000
-0.062435000
1.526918000
0.805068000
7.795494000
7.446510000
6.740571000
6.580448000
2.322943000
1.606799000
0.416111000
2.031624000
0.062766000
1.038491000
3.159602000
1.143374000
3.277574000
2.279052000
-0.863450000
-0.670320000
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1.050697000
1.162185000
1.571202000
2.481818000
0.080070000
-0.921916000
-0.276613000
-0.718102000
-2.107808000
-3.493053000
-4.593275000
-3.702471000
2.482289000
2.084889000
1.362143000
1.529212000
1.117240000
-5.645748000
-4.495188000
-3.722837000
-2.552308000
-1.446450000
-0.548628000
-1.203848000
-7.514933000
-7.212916000
-6.974291000
-6.823600000
-5.964614000
-5.393718000
-6.655147000
-6.964105000
-6.898236000
-8.231464000
-8.335599000
-5.736625000
-4.487178000
2.090289000
3.076038000
1.414262000
1.499967000
2.893485000
4.373130000
3.477501000
2.768797000
2.142413000
-1.262504000
-0.221463000
1.483963000
-0.316447000
-0.082380000
-1.319523000
-3.104507000
-2.421152000
-4.683693000
-4.083429000
-5.193241000
3.034311000
1.340993000
0.646904000
4.288341000
3.570892000
2.839345000
0.583424000
-0.769640000
-0.079881000
8.288956000
8.219344000
6.025118000
7.992678000
5.341112000
5.097821000
6.492857000

5.086544000
3.851955000
5.679808000
6.337576000
5.758362000
5.042719000
4.419927000
3.448532000
5.968353000
5.289464000
6.357060000
4.237475000
2.639435000
1.229080000
0.997541000
0.033162000
0.894241000
-2.724671000
-3.704710000
-3.936123000
-4.797463000
-4.419993000
-5.337263000
-3.131663000
2.037129000
2.042275000
0.627471000
0.409084000
2.952024000
3.034542000
3.027800000
-0.331183000
-1.748812000
-2.411948000
-3.525801000
-2.416579000
-1.987750000
-3.296885000
-4.662519000
-4.994891000
-3.301330000
-4.357222000
-2.731853000
-1.885652000
-0.400026000
0.096326000
-1.431545000
2.247610000
1.486432000
-7.730000000
-6.647495000
-4.160124000
-3.219979000
-8.462185000
-4.118435000
-8.313848000
-6.152425000
-8.162749000
-6.360175000
-7.965672000
-7.066365000
-5.829994000
-6.202588000
-5.845247000
-6.328696000
-7.479075000
-5.778958000
-4.608899000
-3.948449000
-3.976463000
-6.209026000
-4.978250000
-6.063483000

-1.379976000
-1.446126000
0.980554000
1.845109000
-2.028867000
-2.789658000
-4.027127000
-4.604124000
-3.157503000
-3.129646000
-3.200380000
-4.224376000
-4.280704000
-4.346525000
-5.661238000
-6.385730000
-3.197309000
4.653760000
4.444485000
5.747220000
5.567991000
4.912397000
4.526873000
4.664355000
0.850395000
-0.595056000
-1.132838000
-2.337947000
-0.758777000
0.664512000
1.526942000
-0.179180000
-0.458401000
-0.129054000
0.339149000
0.270025000
-0.257789000
4.505996000
1.527570000
1.059537000
-0.723333000
-0.930610000
0.144032000
-1.100669000
0.549655000
2.804148000
2.558996000
-0.624467000
0.985723000
0.720653000
2.089812000
1.829486000
0.262788000
-0.811462000
-1.884520000
-2.651115000
-3.178735000
-1.683657000
-1.247746000
-1.380225000
-3.526506000
-2.487571000
-4.051525000
-3.609130000
-2.583218000
-3.737871000
-0.991528000
-2.136935000
-1.454455000
0.930041000
-0.602817000
0.655627000
0.739343000
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0.308190000

0.612781000

0.757035000

1.566977000
-0.778741000
-1.696478000
-0.989609000
-1.310272000
-2.973900000
-4.279219000
-5.484263000
-4.367516000

1.978059000

1.730993000

1.004187000

1.202102000

0.842148000
-5.268595000
-3.862717000
-2.924402000
-1.598160000
-0.528606000

0.613302000
-0.588460000
-7.823994000
-7.520237000
-7.091846000
-6.885000000
-6.401447000
-5.823378000
-7.063659000
-6.982139000
-6.732635000
-7.982741000
-7.962560000
-5.528810000
-4.333932000

4.139804000

2.586307000

1.736263000

3.329279000

4.347469000

2.993464000

2.454632000

2.310180000
-0.755558000
-0.676842000

1.263782000

0.788575000

0.439121000
-1.000516000
-2.788417000
-1.202651000
-4.088732000
-2.754436000
-4.184555000
3.703199000
1.745446000
1.288328000
5.161757000
4.044350000
3.767943000
1.420461000
0.037966000
1.042098000
8.630469000
8.190611000
6.232654000
8.722771000
5.931569000
5.968561000
7.389603000
8.093945000

5.080790000
3.880801000
5.726932000
6.506697000
5.595758000
4.734166000
4.140941000
3.095329000
5.513976000
4.693185000
5.637796000
3.596860000
2.723797000
1.279319000
0.937075000
-0.068127000
0.832955000
-3.338885000
-3.791993000
-3.815157000
-4.373427000
-3.703693000
-4.363610000
-2.391805000
1.020738000
1.042000000
-0.339241000
-0.559406000
2.102392000
2.247696000
2.094817000
-1.270433000
-2.675256000
-3.488497000
-4.581948000
-3.162922000
-2.516317000
-3.913904000
-4.692165000
-3.890689000
-4.575552000
-2.301629000
-2.286314000
-0.363855000
0.684755000
-1.463680000
2.288205000
1.890088000
-7.469047000
-6.743838000
-4.423767000
-3.575151000
-8.483082000
-4.450803000
-8.368222000
-6.365685000
-7.822213000
-6.270830000
-7.949950000
-6.615442000
-5.451350000
-6.040546000
-5.861615000
-6.547438000
-7.573218000
-4.912830000
-3.740954000
-3.214943000
-3.130095000
-5.517044000
-4.295485000
-5.303070000
-0.546284000

-1.557477000
-1.658564000
0.801970000
1.664544000
-2.160523000
-2.878599000
-4.095185000
-4.620183000
-3.277914000
-3.237115000
-3.341967000
-4.304513000
-4.355785000
-4.402905000
-5.691574000
-6.349798000
-3.228608000
4.874914000
4.467228000
5.679515000
5.401160000
4.956641000
4.729303000
4.718053000
0.984386000
-0.460677000
-0.975411000
-2.171962000
-0.639645000
0.775364000
1.655661000
-0.000003000
-0.231374000
0.086776000
0.611115000
0.572758000
0.149987000
1.883477000
2.149363000
-0.013683000
-0.323232000
-0.290739000
-1.417480000
-0.094019000
2.362953000
2.364702000
-0.886002000
0.566960000
0.999234000
2.573969000
2.318994000
0.703889000
-0.876069000
-1.606766000
-2.809720000
-3.168438000
-1.390934000
-1.385459000
-1.592855000
-2.980377000
-2.261716000
-3.901803000
-3.849270000
-3.125738000
-4.083021000
-1.461184000
-2.517433000
-1.258807000
0.564285000
-0.297620000
0.996697000
0.689932000
-2.362344000
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7.961703000
8.058758000
7.205944000
5.761394000
4.687381000
5.091540000
3.772639000
5.881309000
5.264780000
4.229956000
7.984404000
7.489557000
9.953134000
8.179963000
8.684622000
6.667704000
5.439288000
4.261566000
7.040984000
5.964093000
5.041577000
5.961348000
7.098564000
5.419852000
3.692487000
3.985253000
4.932943000
-4.103727000
-4.572905000
-1.957004000
-2.889302000
-2.748127000
-1.294028000
-0.844378000
-1.991952000
-2.421976000
-3.518339000
-3.373807000
-4.072984000
-3.603708000
-1.279925000
-2.143268000
-0.433914000
-0.854310000
2.436569000
1.181507000
2.973306000
0.545333000
1.578064000
2.720591000
0.065523000
-1.289074000
0.640302000
-1.944646000
-2.116079000
-3.577412000
-4.554909000
-4.492067000
-5.583707000
-3.597115000
-4.711155000
-2.981740000
3.433940000
2.423659000
2.934046000
0.638061000
0.200788000
1.591737000
0.858150000
-5.274705000
-6.213641000
-3.813664000
-4.870714000

-1.493532000
-0.996540000
1.073720000
-0.787722000
1.708390000
1.653696000
0.657647000
-1.806091000
-0.316177000
-1.277385000
-0.495232000
2.034678000
2.187219000
0.802640000
-0.573928000
-1.501491000
0.419444000
-2.220607000
4.298889000
3.823766000
5.308634000
7.133987000
6.665543000
6.102324000
3.318301000
4.364185000
2.877381000
2.713758000
1.672072000
1.454219000
-0.106505000
-0.767121000
-0.249950000
2.241230000
3.456054000
2.423246000
9.960701000
9.116850000
8.265448000
5.850161000
7.061584000
3.694222000
4.738258000
3.073260000
7.590634000
7.820061000
5.480371000
6.049268000
4.614298000
7.153627000
6.767062000
4.213868000
4.932622000
6.437937000
6.781490000
4.754705000
6.883166000
7.111160000
5.900993000
4.688711000
3.817735000
3.423815000
2.765911000
2.987045000
0.535349000
1.800150000
1.484142000
1.139578000
-0.164912000
-1.744468000
-2.582977000
-3.323609000
-4.668718000

-2.159837000
-3.701918000
-3.316126000
-1.387206000
-2.822517000
-1.113312000
-1.738682000
-3.634183000
-4.371264000
-3.304913000
-0.163801000
1.156081000
0.192153000
3.212179000
2.250148000
4.086142000
0.555411000
3.614841000
1.669617000
-0.600798000
-0.409724000
1.159120000
2.433378000
2.482124000
0.297715000
1.689630000
1.480919000
8.125087000
6.772185000
8.357417000
5.889804000
7.530044000
6.655204000
6.265102000
6.853442000
5.482615000
1.925999000
3.475143000
-0.092244000
-0.616472000
4.094911000
0.472816000
4.296509000
2.512846000
-1.606758000
-0.553768000
-0.633761000
1.127463000
1.214830000
1.371905000
-1.998854000
-2.177339000
-4.380182000
-4.135606000
-2.423025000
-2.171654000
-4.160935000
-2.412115000
-3.107565000
-5.218180000
-4.149923000
-4.145626000
-4.608989000
-3.327302000
-4.309337000
-5.909462000
-3.275656000
-2.243321000
-3.201658000
4.972667000
3.729644000
3.675372000
4.083274000
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7.883433000
6.755442000
5.827167000
4.304133000
4.802376000
3.592403000
5.883420000
4.974486000
4.210319000
7.774783000
6.961817000
9.756076000
8.308919000
9.287181000
8.629788000
5.365523000
6.733534000
6.418589000
5.347614000
4.236634000
4.910231000
6.170324000
4.596620000
3.178316000
3.349653000
4.483504000
-4.528935000
-4.675360000
-2.066338000
-2.542995000
-2.062640000
-0.948392000
-1.417057000
-2.887374000
-2.994477000
-4.781127000
-4.520067000
-5.177522000
-4.459193000
-2.202298000
-2.744553000
-1.105227000
-1.368396000
1.306322000
0.051641000
2.162615000
-0.310883000
0.920850000
1.679923000
-0.966228000
-1.974540000
-0.154193000
-2.853069000
-3.075650000
-4.315624000
-5.493396000
-5.468066000
-6.422235000
-4.301151000
-5.327364000
-3.566902000
2.932113000
1.823429000
2.654460000
0.239050000
-0.130845000
1.324357000
0.689368000
-5.252048000
-5.942590000
-3.457994000
-3.899316000
-2.808674000

-0.133055000
1.808776000
-0.263474000
2.101385000
1.963635000
0.860685000
-1.244706000
0.133088000
-0.980707000
0.393222000
2.669326000
3.006883000
1.804577000
0.819755000
-1.311614000
0.481511000
-2.999650000
5.131463000
4.400262000
5.755967000
7.760302000
7.513524000
6.719914000
3.650813000
4.793534000
3.435087000
1.816668000
0.794024000
1.388646000
-0.184706000
-0.886021000
0.181706000
2.691488000
3.364637000
2.363242000
9.446752000
8.641715000
7.673992000
5.315453000
6.841278000
3.354771000
4.627198000
2.901286000
7.756085000
7.795516000
5.739720000
5.941733000
4.672973000
7.351751000
6.585068000
3.897558000
4.752152000
5.971929000
6.341441000
4.180011000
6.140967000
6.417378000
5.083006000
4.031046000
3.075609000
2.865080000
2.936580000
3.088434000
0.686805000
1.687389000
1.328488000
1.110592000
-0.247184000
-2.326666000
-3.334198000
-3.129447000
-4.797044000
-2.815876000

-3.919660000
-3.457181000
-1.418944000
-2.655865000
-0.965295000
-1.625467000
-3.689248000
-4.335505000
-3.190690000
-0.278782000
1.152223000
0.020985000
2.984018000
1.902782000
3.217850000
1.273476000
3.172462000
1.402863000
-0.782692000
-0.649239000
0.859357000
2.079428000
2.247939000
0.184936000
1.521543000
1.361780000
8.323103000
6.884851000
8.382920000
5.804420000
7.366424000
6.492972000
6.356360000
7.080819000
5.624867000
1.772500000
3.327046000
-0.218730000
-0.718976000
3.932960000
0.364300000
4.149196000
2.392859000
-1.781254000
-0.704228000
-0.824524000
0.955759000
1.031610000
1.195448000
-2.092992000
-2.231692000
-4.489922000
-4.267646000
-2.566619000
-2.264475000
-4.315468000
-2.572248000
-3.242483000
-5.309291000
-4.225758000
-4.199641000
-4.627036000
-3.419244000
-4.382644000
-5.977584000
-3.266971000
-2.287882000
-3.244127000
5.293112000
4.013786000
3.692868000
4.032180000
6.109662000
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-3.407385000
-4.357204000
-2.692481000
-0.820360000

0.202620000
-0.360420000
-1.783649000
-8.499657000
-8.043568000
-5.257760000
-6.282284000
-4.777102000
-4.790491000
-6.467273000
-7.108723000
-7.152040000
-6.764312000
-9.118299000
-5.789929000
-5.801315000
-4.468704000
-4.412269000
-6.341332000
-1.924030000

7.496183000

2.261716000
-1.427107000
-5.625861000
-4.488395000
-4.977863000
-5.373070000
-3.341098000
-2.111925000
-1.119754000
-1.951005000
0.006578000
-0.831047000
0.154788000
-6.000781000
-6.375115000
-5.038417000
-3.707945000
-1.217886000
-2.709444000
-0.739235000

1.034185000

0.779577000
-4.160599000
-3.102209000
-2.996427000
-2.700732000
-3.777868000
-2.461775000

2.640653000

1.521148000

2.513389000

-2.987043000
-4.422337000
-5.790193000
-6.306858000
-5.019538000
-2.864626000
-2.409860000

2.203919000

2.433423000

2.555754000

3.944573000

3.919540000

2.148450000

2.729115000

4.030136000

0.031947000
-1.842302000
-1.785557000
-3.496988000
-2.204191000
-1.018123000

0.990012000
-3.084993000

9.643495000

5.343831000
-8.520373000
-7.798301000
-0.417038000
-1.314017000
-2.429387000
-3.508771000
-0.509871000
-1.346005000
-1.496104000
-2.013876000
-2.285656000
-2.813707000
-2.946962000
-0.060538000
-0.943418000
-2.166385000
-0.055896000
-0.972213000
-1.914037000
-3.333318000
-3.554661000
-2.353835000
-1.757781000

0.310044000
-0.641836000

1.253367000

0.635389000

2.212803000
-2.715709000
-1.430657000
-3.026680000

6.194152000
6.490845000
5.683311000
4.496981000
3.908492000
4.151983000
5.057264000
1.025438000
-1.193902000
-1.487714000
-1.092610000
0.831103000
0.884348000
2.562977000
1.539570000
0.756786000
-1.543992000
-0.357117000
0.134085000
1.345051000
-0.333201000
8.398469000
5.419288000
2.625591000
0.339145000
-3.220249000
2.085142000
-4.948798000
-4.681160000
-3.788717000
-4.194626000
-4.048687000
-3.773811000
-4.751937000
-2.551173000
-4.515885000
-2.313343000
-3.294113000
-4.067648000
-5.393657000
-2.713706000
-3.122555000
-5.698590000
-1.783450000
-1.364529000
-3.106547000
-5.274169000
-5.627811000
-4.732995000
0.999030000
-0.868681000
-0.921367000
-1.605042000
5.076092000
4.489822000
5.982057000
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-3.353436000
-1.503777000

0.701271000

1.452746000

0.212090000
-1.440806000
-8.818856000
-8.394996000
-5.663670000
-6.847403000
-5.310661000
-5.116819000
-6.827364000
-7.624452000
-7.241219000
-6.553660000
-8.932521000
-5.388709000
-5.707287000
-4.492798000
-4.194525000
-5.693850000
-3.150874000

6.657251000

3.306259000
-0.510274000
-5.597436000
-4.466186000
-4.959455000
-5.587877000
-3.300122000
-2.035832000
-1.042394000
-1.818515000

0.133125000
-0.643786000

0.337057000
-5.985076000
-6.342570000
-4.786546000
-3.650683000
-1.177711000
-2.572953000
-0.506171000

1.250425000

0.897607000
-4.170113000
-3.094431000
-2.732405000
-2.958691000
-3.909760000
-2.948029000

1.946629000

3.386991000

3.225608000

3.327337000

-4.434760000
-5.374391000
-5.332561000
-3.862565000
-1.840302000
-1.885044000

1.100332000

1.308814000

1.802073000

3.048853000

3.197633000

1.437662000

1.811865000

3.040530000
-0.911418000
-2.802904000
-2.995040000
-4.233196000
-2.992173000
-1.562259000

0.079506000
-4.008812000

9.315865000

6.180434000
-8.345116000
-8.120264000
-1.107290000
-1.954306000
-2.841188000
-3.874242000
-1.046729000
-1.779564000
-2.043046000
-2.204402000
-2.708488000
-2.870409000
-3.124501000
-0.636537000
-1.709905000
-2.435883000
-0.424610000
-1.699115000
-2.018088000
-3.193844000
-3.643074000
-2.879977000
-2.592356000
-0.371554000
-1.030406000

0.871467000

0.077465000

1.833320000
-0.290870000
-0.539281000
-0.623166000
-1.446776000

6.470783000
5.484530000
4.989074000
4.440301000
4.399094000
4.887022000
1.152047000
-1.064573000
-1.383549000
-0.960662000
0.936158000
0.982461000
2.686180000
1.683800000
0.921258000
-1.304514000
-0.205810000
0.418907000
1.642249000
0.060527000
8.432126000
5.629447000
2.448464000
0.028213000
-3.020732000
1.994779000
-4.875749000
-4.445969000
-3.310800000
-3.470753000
-4.017013000
-3.621294000
-4.575340000
-2.302393000
-4.223938000
-1.944918000
-2.905239000
-4.055660000
-5.220973000
-2.297542000
-3.186732000
-5.596742000
-1.547436000
-0.918073000
-2.631289000
-4.975187000
-5.285606000
-4.852795000
0.970080000
-0.901752000
-0.848927000
-1.673204000
4.331671000
5.212024000
6.161736000
4.852282000



4. DNA and protein sequence for the most active variant BH32.14

Mutations from the BH32 Design: L10W, N14l, A19T, A20Y, S22V, L24F, T49A, Y56N, E70R,
F87L, S95A, M120V, T122L, D123N, S124R, Q128L, A129S, M130T, F154S, E174K, Y177C,
D180P, C186A, C212A

ATGATTCGTGCGGTATTCTTTGATAGCTGGGGTACTCTGATTAGCGTTGA
AGGCACTTATAAAGTGCATTTTAAAATTATGGAGGAAGTGCTGGGTGACT
ATCCGCTGAACCCGAAAACCCTGCTGGACGAATACGAGAAACTGGCTCGC
GAAGCGTTCTCTAACAATGCGGGCAAACCGTATCGTCCGCTGCGTGATAT
CCTGGAACGTGTAATGCGTAAACTGGCGGAAAAGTACGGTTTCAAATACC
CTGAAAACTTGTGGGAAATCTCCCTGCGTATGGCGCAACGCTACGGCGAG
CTGTACCCGGAAGTGGTGGAAGTACTGAAATCTCTGAAAGGTAAATATCA
CGTTGGCGTGATCCTGAATAGGGATACCGAGCTGTCTACGGCATTCCTGG
ACGCACTGGGCATCAAAGACCTGTTCGACTCCATCACCACGTCTGAAGAA
GCTGGTTTCTCTAAACCGCACCCACGCATCTTCGAACTGGCTCTGAAGAA
AGCCGGCGTTAAAGGCGAGAAAGCAGTGTGTGTTGGTCCTAACCCGGTCA
AAGACGCGGGTGGTTCTAAGAACCTGGGTATGACTAGCATCCTGCTGGAT
CGTAAAGGTGAGAAACGTGAATTCTGGGATAAGGCGGACTTTATCGTCTC
CGACCTGCGCGAAGTTATTAAGATTGTTGACGAACTGAACGGTCAGGGCT
CTCTCGAGTGGAGTCACCCACAGTTTGAGAAA

MIRAVFFDSWGTLISVEGTYKVHFKIMEEVLGDYPLNPKTLLDEYEKLAR
EAFSNNAGKPYRPLRDILERVMRKLAEKYGFKYPENLWEISLRMAQRYGE
LYPEVVEVLKSLKGKYHVGVILNRDTELSTAFLDALGIKDLFDSITTSEE
AGFSKPHPRIFELALKKAGVKGEKAVCVGPNPVKDAGGSKNLGMTSILLD
RKGEKREFWDKADFIVSDLREVIKIVDELNGQGSLEWSHPQFEK
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9.1 Foreword
This chapter consists of a review article submitted to Nature in April 2021, discussing recent progress
in the field, including the development of artificial metalloenzymes, enzymes with non-canonical

organocatalytic groups and the computational design of de novo enzymes from first principles.

9.2 Abstract

We have entered an era where protein structures can be designed with near atomic level precision
based on fundamental biophysical principles. The next key challenge is how to embed catalytic sites
and substrate binding pockets with the same level of accuracy, to rapidly deliver de novo biocatalysts
in response to diverse societal demands. At first glance this ambition may appear a distant dream
but there are reasons to be optimistic. The interplay of in silico design and high-throughput
experimentation has afforded artificial enzymes containing metal cofactors and non-canonical
organocatalytic groups, shedding light on how protein structure can be optimized to harness the
reactivity of non-proteinogenic elements. If we are to capitalize on these advances, we must learn
how to reliably design enzymes based on the fundamental principles of transition state stabilization
that underpin catalysis. Computational algorithms have enabled the design of primitive catalysts for
a narrow, but increasingly complex, series of chemical transformations; however at present extensive
laboratory evolution is required to deliver efficient enzymes. Here, we review recent developments
in the field and highlight opportunities for innovation to allow us to transition beyond the current state-
of-the-art, to a scenario where in silico methods can operate in isolation to provide de novo

biocatalysts suitable for practical applications.

9.3 Introduction

Enzymes are exceptionally powerful catalysts that employ sophisticated active sites to process
chemical transformations. The enormous rate accelerations and unrivalled selectivities achievable
with enzymes make them attractive catalysts for use in sustainable manufacturing processes.! The

field of biocatalysis has advanced to the stage where it is now viewed as a key enabling technology
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for the development of a greener and more efficient chemical industry.4> Rapid progress has been
underpinned by several major methodological innovations, including: the availability of rapid,
accurate and low cost DNA synthesis and sequencing services; the development of advanced
bioinformatics tools and computational modelling methods; and increasingly sophisticated
experimental workflows for high-throughput structural and biochemical enzyme characterization.®
These advances have led to the availability of an increasingly diverse portfolio of natural enzymes
with interesting catalytic functions, which can in principle be exploited by synthetic chemists when
devising routes to target molecules. However, natural enzymes are seldom suitable for direct use in
chemical processes and protein engineering is typically required to optimize their properties for
practical applications. Recent years have seen the emergence of high-throughput protein
engineering strategies, most notably directed evolution, for developing biocatalysts that process non-
native substrates with high efficiency and selectivity, and that operate effectively under commercially
viable process conditions (Figure 1A).57-°
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Figure 1. Top down enzyme engineering vs bottom up design. A) Workflow for the development of
practically useful biocatalysts. Natural enzymes with desired catalytic activities are identified and
their properties optimized via directed evolution. B) Ambition of de novo enzyme design. Following
selection of a target transformation, computational methods can be used to predict protein
sequences with desired catalytic function. Both natural and de novo proteins can serve as host
scaffolds for new catalytic sites. Canonical & non-canonical amino acid side chains and metal ion
cofactors can serve as key functional components in de novo active sites.
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Although powerful, directed evolution is costly and time consuming which restricts the potential
impact of biocatalysis on many industrial processes. Furthermore, for many desirable chemical
transformations there are no known enzymes that can serve as starting templates for evolutionary
optimization. To address these limitations, ultra-high throughput screening methods%-12 and
continuous evolution platforms have been developed which offer exciting avenues to accelerate
protein engineering,'#1¢ while the discovery of mechanistically promiscuous enzymes provides a
gateway to catalytic functions not found in Nature.’-20 However these strategies are only amenable
to a handful of chemical transformations and do not offer general solutions.

In light of these limitations it is timely to consider how we will deliver a step change in the field, to
allow rapid, reliable and cost-effective development of biocatalysts for a broad range of applications.
While top-down engineering of natural enzymes undoubtedly remains the gold standard for
biocatalyst development, this approach can only take us so far. In our view bottom-up or de novo
enzyme design, where entirely new catalytic centres are created within protein hosts, could offer a
general solution to both the speed and scope of biocatalyst delivery in the future (Figure 1B).21-23
Here, we will review key developments to illustrate recent progress in this nascent field, including the
development of artificial metalloenzymes, enzymes with non-canonical organocatalytic groups and
the computational design of de novo enzymes from first principles. This analysis serves as a platform
to discuss the limitations of current design approaches, and how we hope to address these
challenges moving forward.

9.3.1 Artificial Metalloenzymes

The functional capabilities of natural enzymes are greatly expanded by the recruitment of metal ion
cofactors that facilitate redox chemistry, radical processes and challenging functional group
conversions. These metalloenzymes benefit from the synergistic action of the metal cofactor and
protein scaffold to accelerate some of the most challenging transformations in Nature. The enviable
catalytic properties of these systems have inspired the development of complementary approaches
to design artificial metalloenzymes. A strategy that has proven particularly versatile involves
anchoring pre-assembled transition metal complexes into selected protein scaffolds. This approach
has given rise to active catalysts for a wide range of non-biological transformations, including alkene
metathesis and transfer hydrogenations.?426 In general though, designing productive interactions
between the protein, substrate and transition metal complex has proven challenging, and
consequently the catalytic efficiencies achieved by these hybrid systems are often lower than the
isolated small-molecule complex. A notable exception involved the design of an enantioselective
benzannulase comprising a biotinylated rhodium(lll) complex bound to a streptavidin scaffold (Figure
2A).%7 This artificial metalloenzyme accelerates the coupling of benzamides and alkenes by ca. 100-
fold over the isolated complex to generate dihydroisoquinolone products with enantiomeric ratios as
high as 93:7. This rate acceleration can be attributed to a designed aspartate or glutamate which
serves as a catalytic base and works in tandem with the rhodium cofactor to promote the key C-H

activation/orthometallation process.
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Figure 2. Approaches to de novo metalloenzymes. A) Supramolecular anchoring of pre-assembled
transition metal complexes into host scaffolds. This approach was used for the development of an
enantioselective benzannulase comprising a biotinylated rhodium(lll) complex bound to streptavidin.
A designed aspartate or glutamate serves as a catalytic base and works in tandem with the rhodium
cofactor to promote the key C-H activation/orthometallation process. B) Introduction of new functional
components into existing metalloenzymes can lead to new functions. For example, the design of a
[4Fe-4S] cluster into an engineered myoglobin gave rise to an artificial sulfite reductase. C) New
protein scaffolds have been designed from scratch to bind metal cofactors and modulate catalysis.
The ‘Due Ferri’ protein G4DFsc (gold) is a hydroquinone oxidase that employs a carboxylate bridged
diiron cofactor as a catalytic centre. Introduction of a third histidine ligand (green) into the metal
binding cavity transforms G4DFsc from a hydroquinone oxidase to an arylamine N-hydroxylase. D)
A designed homodimeric peptide (MID1) containing two interfacial zinc binding sites served as a
starting point for evolutionary optimization to afford an efficient and enantioselective zinc hydrolase
MID1sc10.
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An alternative approach to metalloenzyme design that has proven particularly effective involves
reengineering natural metalloproteins to install new functional elements that work in concert with the
native cofactor. Key examples include the development of functional mimics of heme copper
oxidases and nitric oxide reductases by engineering copper (Cug) and non-heme iron (Feg) binding
sites, respectively, into the distal pocket of the heme protein myoglobin.282° |n contrast to the native
enyzmes, the heteronuclear centres of these de novo metalloenzymes are built into a small and
robust protein scaffold that can be easily produced, engineered and crystallized for high-resolution
structural characterization. Such systems provide an ideal basis for elucidating key structural and
mechanistic features giving rise to the high efficiencies and selectivities achieved by natural
metalloenzymes. The power of this approach was recently exemplified through the design of an
artificial enzyme that catalyzes sulfite reduction, a transformation that has thus far eluded synthetic
catalysts (Figure 2B).3° Rosetta Matcher and Enzyme Design algorithms were used to design an iron
sulphur cluster into the proximal pocket of cytochrome ¢ peroxidase, along with a bridging cysteine
ligand which coordinates the native heme cofactor and the designed [4Fe-4S] cluster. The sulfite
reductase activity of the initial design was improved by >60-fold through the targeted introduction of
positively charged Arg and Lys residues in the substrate binding pocket and a Cys235 residue close
to the [4Fe-4S] cluster. The activity of this optimized variant is only ca. 5-fold lower than the native
sulfite reductase from Mycobacterium tuberculosis, with approximately 10% of the products formed

arising from complete (6 electron and 7 proton) reduction to hydrogen sulfide.

Creating metalloenzymes ‘from scratch’, where new protein scaffolds are designed to bind metal
cofactors and modulate catalysis, offers the prospect of complete control over metalloprotein
sequence, structure and function. Most research in this area has focussed on introducing binding
sites for metal ions and metalloporphrin cofactors into designed a-helical bundles, giving rise to
protein catalysts for hydrolytic reactions, redox processes and carbene transfers.31-36 The
introduction of complex dinuclear cofactors such as carboxylate-bridged diiron centres has led to a
family of ‘Due Ferri’ (DF) proteins with a variety of O2-dependent activities, including the substrate-
gated 4-electron reduction of oxygen to water.3337-3? |nterestingly, the catalytic function of these DF
proteins can be altered through rational reprogramming of the metal coordination environment
(Figure 2C). Specifically, G4ADFsc was successfully transformed from a hydroquinone oxidase to an

arylamine N-hydroxylase by introducing a third His ligand to the metal binding cavity.2®

Metal binding sites have also been designed at the interface of polypeptides or protein subunits to
direct the assembly of higher-order structures.*® In one instance, a designed homodimeric peptide
containing two interfacial zinc binding sites was found to display serendipitous activity for ester bond
hydrolysis resulting from a vacant metal coordination site adjacent to a hydrophobic pocket.4% 42
Fusion of the N and C termini of the dimer subunits and removal of one of the two zinc binding sites
afforded a single chain variant, which was subjected to extensive laboratory evolution to deliver a
highly efficient (kca’Km ~ 10 M~ s71) and enantioselective zinc hydrolase (Figure 2D).*® A high
resolution crystal structure of the evolved enzyme complexed with a transition state analogue sheds
light on the catalytic mechanism, revealing that the catalytic zinc ion is coordinated by 3 histidine

ligands and activates the nucleophilic water as a metal hydroxide, while an active site Arg64
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stabilizes the anionic transition states through bidentate hydrogen bonding. This simple helical
bundle scaffold was subsequently transformed into a proficient catalyst for a bimolecular hetero-
Diels-Alder reaction.** Evolution afforded the chemo- and stereoselective metalloenzyme DA7 which
uses Lewis acid catalysis and a strategically positioned hydrogen bond network for effective

transition state stabilization.
9.3.2 Enzymes with Non-Canonical Amino Acids as Catalytic Elements

Enzyme design strategies are typically reliant on Nature’s alphabet of twenty canonical amino acids,
which contain a narrow range of functional groups. This limited functionality restricts the range of
catalytic mechanisms that can be installed into de novo active sites. However, a wider range of
functional components can now be accessed using genetic code expansion methods which allow
the selective incorporation of structurally diverse non-canonical amino acids (ncAA) into proteins.*546
These methods typically employ an orthogonal aminoacyl-tRNA synthetase (aaRS)-tRNA pair to
direct the incorporation of a ncAA in response to an unassigned codon (most commonly UAG)
introduced into the gene of interest (Figure 3A). Genetically encoded ncAAs provide new avenues to
explore how enzymes operate at the molecular level, 4751 and have been used to improve biocatalyst
activity and stability.5253 The availability of an expanded set of amino acid building blocks also
provides exciting opportunities to design enzymes with new catalytic mechanisms not observed in

Nature.>*

This approach was recently showcased through the design of a de novo hydrolase (OE1) that
employs Ns-methyl histidine (Me-His) as a non-canonical catalytic nucleophile with a similar mode of
reactivity to the widely employed nucleophilic catalyst DMAP (Figure 3B).%° Histidine methylation was
essential for catalytic function, as it prevented the accumulation of unreactive acyl-enzyme
intermediates that compromised the catalytic activity of earlier de novo hydrolases equipped with
canonical nucleophiles.56-60 Optimization of OE1 was achieved over iterative rounds of evolution
using workflows adapted to an expanded genetic code to afford a variant OE1.3, which is 4 orders
of magnitude more efficient than equivalent small molecule catalysts in promoting ester hydrolysis,

and OE1.4 which is able to promote enantioselective transformations.

A related approach was used to generate de novo enzymes to promote the synthesis of oximes and
hydrazones (Figure 3C). A p-azidophenylalanine residue introduced into the transcriptional regulator
protein LmrR was reduced with tris(2-carboxyethyl)phosphine to unmask a p-aminophenylalanine
residue containing a reactive aniline side chain.®! While the initial LmrR_pAF variant gave modest
activity improvements over the parent protein LmrR, subsequent optimization through targeted
rounds of directed evolution afforded a quadruple mutant with a 55-fold improvement in keat and a
26,000 fold increased efficiency over aniline in solution.62 Combined, these studies suggest that the
introduction of ‘organocatalytic’ motifs into evolvable protein scaffolds can offer a general strategy to
deliver enzymes which are orders of magnitude more efficient than small organic catalysts used in

isolation.
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Figure 3. Enzymes with an expanded amino acid alphabet. A) An orthogonal aminoacyl-tRNA
synthetase (aaRS) aminoacylates its cognate tRNA with a non-canonical amino acid (ncAA). The
aminoacylated tRNA is decoded on the ribosome in response to a UAG codon in the mRNA during
translational elongation, leading to the addition of an ncAA to the growing polymer. B) Genetically
encoded Me-His residues can serve as non-canonical catalytic nucleophiles to promote
enantioselective ester hydrolysis in de novo active sites. Histidine methylation is essential for
catalytic function as it prevents the formation of unreactive acyl-enzyme intermediates derived from
canonical histidine nucleophiles. The bar chart shows the ca. 9000-fold rate acceleration achieved
by OE1.3 compared with free Me-His in solution. C) Post-translational chemical reduction of a p-
azidophenylalanine (pAzF) residue installed into an engineered LmrR unmasks a p-

aminophenylalanine (pAF) catalytic nucleophile designed to promote hydrazone formation.

9.3.3 Designing Enzymes to Stabilize Rate-Limiting Transition States

If we are to capitalize on our ability to install new functional components into proteins, we must learn
how to reliably design enzymes based on the fundamental principles of transition state stabilization
that underpin catalysis. To this end, early efforts exploited the mammalian immune system to raise
antibodies towards stable transition state analogues.53¢8 This approach has delivered catalytic
antibodies for a wide range of chemical transformations. However, in general antibodies fail to
achieve the efficiencies of natural enzymes and many energetically demanding reactions have

proved intractable to this approach.

More recently computational enzyme design has emerged as a powerful and more flexible approach

that does not depend on the availability of imperfect transition state analogues and is not restricted

to the antibody fold (Figure 4).22-22 The design process involves the following general steps; 1) Design

and generation of a ‘theozyme’ — an idealized active site model comprising a quantum mechanically
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calculated transition state (TS) and key functional groups from amino acid side chains required for
TS stabilization. 2) Docking of the theozyme into structurally characterized proteins to identify
sterically complementary scaffolds which can accommodate the key catalytic groups as amino acid
side chains linked to the protein backbone. 3) Redesign of residues in and around the active site to
optimize packing of the theozyme. To date, this process has allowed the design of primitive protein
catalysts for a handful of model transformations.®®-73 Although the activities of the starting designs
are typically low, similar to catalytic antibodies, they can be optimized through laboratory evolution.”*
7 In favourable cases, this combination of computational design and directed evolution has afforded
biocatalysts with efficiencies comparable to natural enzymes. A comprehensive understanding of the
molecular changes giving rise to improved activity can then be used to inform the development of

improved design protocols.
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Figure 4. Computational design of enzymes. Reaction profiles of an uncatalyzed (red) and enzyme
catalyzed (blue) single-step reaction are shown. Computational methods are used to design new
active sites in proteins based on their ability to stabilize rate-limiting transitions states. A typical
procedure begins with a quantum mechanically calculated transition state (TS) of a target
transformation, termed the theozyme. Key functional groups, such as surrogates of amino acid
chains required to stabilize the TS, are explicitly included in the calculation. The resulting ensemble,
which represents an idealized model of a minimal active site, is then docked into structurally
characterized protein scaffolds using programs such as RosettaMatch. The selected binding pockets
are then computationally repacked, for example with RosettaDesign, to optimize interactions
between the substrate and the transition state. The designs are subsequently ranked and tested
experimentally. Promising designs can be optimized experimentally using directed evolution.

The Kemp elimination, involving the conversion of benzisoxazoles into salicylonitriles, has proven a

popular target transformation for enzyme designers and provides a valuable model system for
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studying proton transfers from carbon (Figure 5A).7%7* The evolved enzyme HG3.17 is the most
efficient Kemp eliminase reported to date and catalyzes the deprotonation of 5-nitrobenzisoxazole
with a keat ~700 s°1, which represents a 1000-fold improvement over the parent design (HG3) and is
in the range of proton transfer rates observed in many naturally occurring enzymes.” This
extraordinary activity can be attributed to highly effective bifunctional catalysis, involving a designed
Aspl27 catalytic base and a GIn50 that emerged during evolution to stabilize developing negative
charge on the phenoxide leaving group, within an active site that is perfectly tuned to accommodate
the substrate in a productive pose for catalysis. Subsequent characterization of HG3, HG3.17 and
the intermediate variant HG3.7 using a combination of cryo- and high-temperature crystallography,
and nuclear magnetic resonance (NMR) spectroscopy reveals that the conformational ensemble of
the protein backbone is altered during evolution, to minimize unproductive conformers observed in
the HG3 design in favour of a highly active conformational sub-state.’®7® Interestingly, this active
conformer is not present in the original xylanase scaffold used as the template for design. This
analysis suggests that more efficient catalyst sequences could be predicted using improved design

protocols that explicitly sample energetically accessible backbone conformers.

Beyond simple proton transfer reactions, the interplay of computational design and directed evolution
has afforded highly efficient catalysts for bimolecular aldol??76.8081 and Diels-Alder reactions.?3.7582
The most active aldolase to date, RA95.5-8F, was generated following extensive evolution of the
RA95 design (Figure 5B). It cleaves the fluorogenic substrate (R)-methadol with a kca: of 10.5 s,
which is in the range of natural type-| aldolases.”® Here the discovery of highly efficient enzymes was
facilitated by ultra-high throughput screening of variant libraries by fluorescence activated droplet
sorting, allowing evaluation of ca. 2000 sequences per second. Interestingly, the originally designed
catalytic Lys210, which operates via the formation of Schiff-base intermediates along the reaction
coordinate, was abandoned during the course of evolution in favour of Lys83, which is a more
reactive catalytic nucleophile. Structural and biochemical characterization of RA95.5-8F reveals that
Lys83 forms part of a sophisticated catalytic centre comprising a Lys-Tyr-Asn-Tyr tetrad that

emerged adjacent to a designed hydrophobic pocket during laboratory evolution.

In contrast to extensive active site changes observed during optimization of RA95 and HGS3, the
structure of the most highly evolved Diel-Alderase CE20, which promotes selective cycloaddition of
4-carboxybenzyltrans-1,3-butadiene-1-carbamate and N,N-dimethylacrylamide, shows good overall
agreement to the original design model DA20_00 (Figure 5C).7® In particular, the orientation of the
bound product and the conformations of the catalytic side chains of GIn208 and Tyr134, which form
hydrogen bonding interactions with the diene and dienophile to reduce the HOMO-LUMO energy
gap, closely match the design model and changed minimally over the entire evolutionary trajectory.
Instead, molecular changes introduced during enzyme optimization gradually reshaped the active
site pocket to achieve more effective preorganization of the reactants into productive conformations
for the bimolecular reaction. Notably, substantial activity gains were achieved through the
introduction of a designed 24-residue helix-turn-helix motif, which was generated in a crowdsourcing
experiment using the problem solving skills of online game players and serves as a lid element to

close off the solvent exposed active site.??
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Figure 5. De novo enzymes through computational design and directed evolution. A) The Kemp
Eliminase HG3.17 employs a designed Aspl07 catalytic base and GIn50 as an oxyanion hole to
catalyze the deprotonation of 5-nitrobenzisoxazole. B) The evolved retro-aldolase RA95.5-8F utilizes
a Lys-Tyr-Asn-Tyr catalytic tetrad to cleave fluorogenic substrate (R)-methadol. C) The Diels Alder
reaction of 4-carboxybenzyltrans-1,3-butadiene-1-carbamate and N,N-dimethylacrylamide is
accelerated by CE20. Catalytic side chains GIn208 and Tyr134 form hydrogen bonding interactions
with the diene and dienophile to reduce the HOMO-LUMO energy gap. D) The enantioselective
Morita-Baylis-Hillmanase BH32.14 employs a designed His23 nucleophile and catalytic Arg124 to
promote the coupling of 4-nitrobenzaldehyde and 2-cyclohexen-1-one. Arg124 shuttles between
conformational states to stabilize multiple oxyanion intermediates and transition states along the

complex reaction coordinate.

Given the conceptual similarities between computational enzyme design and catalytic antibody
technology, early computational design efforts targeted chemical transformations that were
previously achieved with antibodies. If we are to establish design as a useful source of biocatalysts
for practical applications, we must move beyond the functional capabilities of antibodies and develop

enzymes for more complex chemical processes for which no effective protein catalysts are known.
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To this end, an efficient and enantioselective enzyme (BH32.14) for bimolecular Morita-Baylis-
Hillman (MBH) reactions was recently developed following extensive evolutionary optimization of a
primitive computational design (Figure 5D).77:8% Crystallographic, biochemical and computational
studies reveal that selective catalysis by BH32.14 is achieved through a sophisticated active site
arrangement comprising a designed His23 paired with a judiciously positioned Argl24 which
emerged during evolution. This catalytic arginine shuttles between conformational states to provide
a highly economical means of stabilizing multiple oxyanion intermediates and transition states along
the complex reaction coordinate. Arg124 serves as a genetically encoded surrogate of privileged
bidentate hydrogen bonding catalysts commonly employed in organic synthesis to promote a wealth
of chemical transformations including the MBH reaction.

9.3.4 A Roadmap to Better Designer Enzymes

The examples presented in this review illustrate great progress made in the field of enzyme design
and engineering over the past decade and offer a glimpse into the exciting opportunities that lie
ahead. If design is to achieve, or even surpass, the level of practical utility achieved by more
established top-down approaches to biocatalyst development there are two central challenges that
the community must now address (Figure 6).

First, we must learn how to design highly active enzymes with efficiencies more akin to natural
systems. At present, even for relatively simple transformations many designs must be produced and
experimentally tested to identify a few displaying desired activity, and extensive evolutionary
optimization is required to bridge the efficiency gap to natural enzymes. The development of
ultrahigh-throughput enzyme design and screening protocols would facilitate the search for more
potent catalysts and could offer a practical route to highly active designs in the medium term.
However if we are to overcome our reliance on high-throughput experimentation, we must consider
the factors that make enzyme design so challenging. Efficient protein catalysis requires an extremely
high degree of precision to achieve effective discrimination of the transition state from the ground
state, and even angstrom level inaccuracies in side chain positioning can have a catastrophic impact
on catalysis. The design challenge is amplified when targeting multi-step reactions, where carefully
orchestrated conformational adjustments are needed for precise recognition of multiple chemical
states. Striking the balance between active site preorganization and conformational dynamics will be

critical to the future success of enzyme design.

The low success rates and modest activities achieved thus far can, in part, be attributed to the
coarse-grained sampling methods and approximate energy calculations employed by existing design
algorithms. While these design methods allow for rapid exploration of protein sequence space, this
increased speed inevitably comes at the expense of accuracy. Structural characterization of
designed enzymes reveals that key catalytic elements are often not positioned as intended.57.72.74.83
Accurate placement of polar side chains and the generation of hydrogen bonding networks have
proven especially challenging. To address these limitations more sophisticated molecular force
fields, that allow accurate treatment of electrostatics and interactions with solvent, are needed to

increase model accuracy. Likewise, more intensive calculations, including QM/MM hybrid methods
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and MD simulations with explicit solvent, can play an important role in evaluating and refining
computational designs to allow more effective discrimination of the transition state relative to the
ground state.84-86 Although too slow for routine screening of hundreds of designs, as computational
power increases we can expect these methods to be more widely integrated into enzyme design
processes in the future.

/‘,/f:] @ o>
Fully programmable catalysis = .. : &
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Designs with enyzme-like efficiencies

complex customized improved deep additional multistate
theozymes scaffolds forcefields learning functionalities design

Figure 6. A roadmap to better designer enzymes. The figure illustrates anticipated methodological
innovations that will facilitate the design of protein catalysts with enzyme-like efficiencies for a broad

range of chemical transformations.

More efficient designs could also be generated through the use of more sophisticated theozyme
arrangements. To date, designs have been generated based on simple theozymes containing a small
number of functional side chains. In all cases, evolutionary optimization of these designs led to
complex arrangements of secondary and tertiary interactions to orientate and fine-tune the reactivity
of key catalytic residues, underscoring the importance of extended networks of active site residues.”*
7187 While the transition to more complex theozymes could provide a gateway to more active designs,
it will be more challenging to identify protein scaffolds with suitable backbone geometries to
accommodate the increased number of functional components. New ensemble based design
methods that account for backbone flexibility along with methods for sculpting protein backbones
could facilitate this search.888% More ambitious is the design of new protein folds with backbone
geometries specifically tailored to accommodate complex theozyme arrangements.®° Although yet to
be applied to catalysis, the recent design of a fluorescence-activating beta-barrel with a backbone

custom built to bind a small fluorescent cofactor,®® and the design of proteins that undergo
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conformational exchanges reminiscent of those observed in natural enzymes,889°2 hints at the future

potential of this approach.

The emergence of deep learning algorithms that allow accurate prediction of protein structure directly
from primary sequence provides exciting new opportunities to design such customized scaffolds.%*
97 Beyond the prediction of protein structure, machine learning has been used to more intelligently
navigate sequence space during directed evolution of protein function,®-191 and to produce proteins
from scratch satisfying sets of constraints associated with binding interfaces.1%2 A data driven
strategy using evolutionary sequence information was also recently employed to generate active
mutases that convert chorismate to prephenate.l% Interestingly, this transformation has thus far
proved intractable to computational approaches based on free energy calculations. A crucial next
step is to understand how these ‘big-data’ approaches can be adapted to tackle new chemical
transformations where extensive evolutionary sequence information is lacking. To this end, deep
learning methods are now being extended to design proteins containing active sites defined by a
collection of residues and their relative geometries. Given a description of such a site and a structure
prediction method such as RoseTTAFold® or AlphaFold,®% sequences that fold to proteins
harboring the site might be generated by explicitly optimizing a loss function assessing the extent to
which the active site is recapitulated, or by filling in the missing sequence and structure information
in a forward pass through versions of the networks optimized to recover both sequence and structure
information. Moving forward, we anticipate that hybrid design strategies that combine beneficial
aspects of deep learning and fundamental biophysical understanding will prove a fruitful avenue for
exploration. Irrespective of the particular design method employed, it is clear that in the search for
enzyme-like efficiencies, directed evolution will continue to play a central role in refining the catalytic
sites of de novo enzymes for the foreseeable future.

Second, we must expand the range of chemistries achievable with de novo enzymes, and develop
catalysts for valuable chemical processes that can be implemented at scale. To maximize synthetic
utility, particular emphasis should be placed on non-biological classes of reaction for which no natural
enzymes are known. In these instances, mechanistic strategies employed in small molecule catalysis
can be used to inspire theozyme design. Here, broader collaboration between organic chemists and
protein designers will prove especially valuable to identify suitable active site arrangements for new
target transformations. The range of accessible chemistries can be greatly extended by engineering
cellular translation to introduce new functional amino acids into proteins, that can be used to
modulate catalysis by metal ion cofactors or that serve as genetically encoded surrogates of small
molecule organic catalysts.50:55,6162,104,105 |n the field of organocatalysis, large numbers of chemical
transformations can be accelerated using a handful of generic activation modes.1%6-110 Consequently,
the addition of a few key amino acids to the genetic code could lead to an explosion of new activities
in designed active sites. In the future, enzyme designers and engineers will continue to push the
boundaries of the field by developing catalysts for increasingly complex transformations. Here it is
likely that existing design protocols that use a single transition structure to approximate all species
along the reaction coordinate and generate a static model of the protein-transition state complex will

become progressively less effective. Instead, more comprehensive design methods that model
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multiple chemical states along the reaction coordinate will be needed to tackle complex reactions

involving multiple high-energy transition states.1%.112

In summary, although there remain considerable challenges to overcome, we are cautiously
optimistic that fully programmable catalysis - where new protein sequences can be predicted from
scratch to achieve a desired catalytic function - will become a reality in the future. In our view, this
ambitious goal can only be achieved through a collaborative and multidisciplinary effort drawing on
expertise in computational chemistry & biology, organic chemistry, enzymology, structural biology,

protein design, directed evolution and beyond.
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