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Faculty of Science

Department Molecular Biology and Biotechnology
Doctor of Philosophy

Investigations of the dynamics and mechanism of S-phosphoglucomutase

by Angus ROBERTSON

This thesis uses a multidisciplinary approach of nuclear magnetic resonance (NMR) spectroscopy, X-
ray crystallography, and enzyme kinetics to further investigate how B-Phosphoglucomutase (BPGM;
EC 5.4.2.6) , an archetypal phosphoryl transfer enzyme from the HAD superfamily, catalyses the
inter-conversion of B-glucose 1-phosphate (8G1P) with glucose 6-phosphate (G6P) via a B-glucose
1,6-phosphate (BG16P) intermediate. The use of metal fluorides to mimic positions along the reaction
coordinate of phosphoryl transfer enzymes has been well established and allows for a critical investi-
gation of the the role of enzyme dynamics, electrostatics, conformation, and intrinsic organization of

the enzyme in catalysis.

In a series of papers, this thesis demonstrates several elements of how BPGM has evolved to perform
its function. Firstly, mutation of the enzymatic general acid-base (GAB) allowed the investigation of
native substrate in the active site of the enzyme. This ground state model was closed around the sub-
strate, with transferring phosphate and nucleophile in van der Waals contact, but without overall tran-
sition state architecture. Furthermore, a weakened magnesium affinity in this ground state suggests a
mechanism for dissociation of such a high affinity ligand, essential for efficient catalysis. Secondly, us-
ing the same GAB mutation, the role of proton transfer in phosphoryl transfer reactions is investigated
in pre- and post- proton transfer models. Using a combination of NMR, X-ray crystallography and
DFT calculation, it is determined that the proton transfer event is not synchronous with phosphorous
transfer, and several key themes are elucidated; before, during, and after the chemical transfer. Each of
which contribute to the capacity of BPGM to break and form phosphate monoester bonds on a viable
timescale. Thirdly, a mechanism is presented to explain a previously modelled enzymatic lag phase
prior to steady state catalysis. Mutation of a key arginine residue is sufficient to alleviate this lag phase
and does not perturb the chemical step of the reaction which indicates that such perturbations are not
transmitted through substrate to the catalytic center. Finally, it is observed that the phospho-enzyme
state of BPGM, when compared to a specific phosphatase (phosphoserine phosphatase (PSP)), displays
several features in order to stabilize the phospho-enzyme state that are not present in PSP. Together
these features further describe how SPGM has evolved both specificity and to achieve high levels of

catalytic rate enhancement.
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Chapter 1

Introduction

1.1 Foreword - Why bother?

On reading the research directions for most bioscience funding bodies in the UK, a key theme
recurs with subtle variations, and with different voicings. The theme is to try and keep
human beings alive for as long as possible, with the highest quality of life, for the minimal
amount of effort. Necessarily these mandates will attract academic researchers to work on
the human condition, nutrition, and preventing infectious diseases, often (although to a
lessening extent) in a highly reductionistic manner. This pursuit lends itself well to applied
science, to screening, to brute force investigations, often (because of the nature of scientific
research) in a way that promotes speed over quality. Where in all of this, is the time for basic
research? In fully understanding how an enzyme functions and drawing conclusions about

how enzymes have evolved to function?

Our research on B-phosphoglucomutase (BPGM) from L. lactis has essentially a twofold im-
plication. The first prong points towards developing a fundamental understanding of en-
zyme function in an enzyme that performs a very specific, but complicated task, balancing
enormous catalytic rate enhancements (ca. 10?!) of at least 3 different substrates while pre-
venting inhibition by a high affinity intermediate. The hope is that this understanding will
feed into biotechnological applications and enzyme design. The second prong of the investi-
gation pertains to the further development of metal fluoride based transition state analogues
to investigate phosphoryl transfer enzymes. Fluorine is a highly sensitive spin half nucleus
with a huge chemical shift range and a high sensitivity relative to proton. This sensitivity
serves as a great training dataset for computational chemistry with subsequent quantum
mechanical (QM) and density functional theory (DFT) calculations permitting the investi-
gation of key interactions at the atomic level. This makes !°F NMR an incredibly strong
candidate for screening drug molecules against phosphoryl transfer / kinase targets, with
a highly sensitive and informative readout. It would be very exciting to see this approach

taken more widely, and at the outset, it appears to be an extremely powerful tool.
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1.2 Introduction

This text will not attempt to re-define enzymology, catalysis, and protein biochemistry, as
there are several excellent texts available to that end (Jencks, 1969; Lodish et al., 2007; Voet
and Voet, 2010; Williamson, 2012; Berg, Tymoczko, and Stryer, 2012). This text will however

highlight some key themes necessary for engagement with the results that follow.

1.2.1 Free Energy and Catalysis

Chemical reactions principally involve the movement of atoms with concomitant redistri-
bution of electron density and reconfiguration of electronic bonding orbitals. Product states
are generally more energetically favourable than reactant states, while both are referred to
as ground states (GSs), compared to the transition state (TS) of a reaction which is defined
as least energetically favourable state. The intermediate states (where applicable) provide
an alternate GS which lies between the product/reactant and transition state in terms of free
energy (Fig. 1.1 A,B). These states are typically associated with a free energy and population
at equilibrium (Eq. 1.1, 1.2, respectively). In these classic equations, R is the universal gas
constant, AG is the free energy change, AH is the enthalpy change, T is the temperature (in
K), and AS is the entropy change, and K, is the equilibrium constant of a system.

AG = AH — TAS (1.1)

AG = —RTIn(Kep) (1.2)

Enzymes act to lower the activation energy barrier by stabilizing the transition state of the
reaction, without perturbing the equilibrium population of reactants and products (Pauling,
1948; Jencks, 1969). Monoclonal antibodies raised against transition state analogues (TSAs)
of chemical reactions do catalyze the reaction (Tramontano, Janda, and Lerner, 1986), how-
ever, the rate enhancement is often much less than the corresponding enzyme (Hilvert, 2000).
Bi-bi ping-pong reaction schemes (such as the reaction catalyzed by SPGM) display several
substrate/intermediate bound states across the reaction trajectory, usually with two active

states of the enzyme, each with different substrate affinities (Fig. 1.1).

1.2.2 Transition State Theory

The time for the chemical reaction step in an enzyme is of the order of a bond vibration (ca.
10-13 s) thus, it is difficult to either observe or structurally characterize transition states. The
transition state of a reaction can be described using the general form of the Eyring Polyani
equation (Eq. 1.3) where the the transmission coefficient x plays a role in limiting the overall
rate of transfer.

k=x — e RT (1.3)
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FIGURE 1.1: Gibbs free energy diagrams illustrating the reaction of substrate (S) reacting with enzyme
(E) product (P). A) Represents the free energy of an uncatalyzed reaction (AGuncat) Vs. the free energy
of a catalyzed reaction (AGcat), here the effect of introducing a catalyst is to lower the activation barrier,
rather than change the energy of the two resting states. B) Indicates the presence of an intermediate
state I which is lower in free energy than the transition state, but higher than the two resting states.
One important role of catalysts is to ensure that these intermediate states are not so stable that they
hinder efficient catalysis. C) [llustrates the free energy profile of the reaction catalyzed by SPGM with
relative energetic values given in (Jin et al., 2014). In this case E” denotes the phosphorylated enzyme
E’S denotes the Michaelis complex for the step 1 reaction, and TS1 denotes the transition state for the
step 1 reaction. EI is the ground state complex with the BG16BP intermediate, E + I denotes the state
where the intermediate has dissociated from the enzyme. EI” indicates the Michaelis complex where
the intermediate has reoriented to start the step 2 reaction, TS2 is the TS for the step 2 reaction, and
E’P denotes the product ground state where phospho-enzyme has been regenerated. E’+P indicates
the dissociated product state with the enzyme re-primed for catalysis with and overall free energy
change of the reaction at ca. 8 k] moll. D) Illustrates the transmission coefficient « from Eq. 1.3, where
not every molecule with sufficient activation energy crosses the energy barrier, instead only a certain
proportion of molecules do. E) Illustrates the protein conformational selection model using a free
energy landscape. Transition 1 has the same small free energy barrier in both substrate free (black) and
bound (red) states, so it will likely happen quickly. However, transition 2 is much more energetically
favourable if the ligand is present, than if it is absent, thus the transition from an "open" to a "closed"
conformation has a large activation energy which is significantly reduced if ligand is present in the
active site. If transition 3 was to represent the formation of product, while this step is possible in the
"open" state, the activation energy of such a transition likely restricts the chemical step to the "closed"
conformer.
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Here k is the rate constant, x is the transmission coefficient, kp is Boltzmann’s constant, T is
the temperature (in K), / is Planck’s constant, R is the universal gas constant, and AGH is the
free energy change of the transition state. This can be conceptualised using Fig. 1.1 where a
single molecule does not always proceed to the product stage of the reaction despite having
sufficient energy to do so. However, the observed rate of catalysis (kops) for most enzyme
catalysed reactions is typically of the order 1-1000 s~ !, which is often much smaller than the
1013 s7! bond vibrations associated with chemical group transfer. An often cited reason for
the disparity in rates is the need for the protein to undergo a conformational rearrangement
in order to release product/intermediate from the active site. These conformational changes
typically occur on this ms-s timescale (Bae and Phillips, 2006) but this raises the important
question of what processes occur on what timescales in catalysis (Fig. 1.2).

1.3 Enzyme catalysis

While Fischer’s classic "lock and key" model (Fischer, 1909) was a useful initial way to visu-
alize the 3D complementarity between enzyme and substrate in the active site, there were
several limitations to this model. Firstly, water exclusion from the active site upon ligand
binding (and the entropic contribution therein) was not accounted for, nor the capacity for
"induced fit" or "conformational selection” models of ligand binding where lock and key
would not perfectly fit together, but could be distorted in order to accommodate one another.
These models initially did not account for the dynamic nature of enzymes, from picosecond
to >second, which was worsened by a the classic one-fold - one-structure dogma of early
structural biology. While it is still the case that on the timescale of a bond vibration nec-
essary for chemical transfer - the protein is static, resulting in electrostatics dominating the
chemical step of catalysis. It is not necessarily the case that there is only one pathway to the
transition state, rather, there are likely multiple parallel pathways stochastically explored by

substrate across a free energy landscape.

Modern structural biology approaches the protein (and ligand) as a dynamic entity across
a range of timescales (Fig. 1.2), with the "structure" best represented as a conformational
ensemble with variable occupancies and associated degree of "order". Depending on the
timescale of the process concerned, from ligand binding, to domain swap dimerization, the
population of protein conformations is going to be driven by different intrinsic processes
(Fig. 1.2). Fortunately, many of these timescales are accessible to NMR spectroscopy. Three
specific examples are relevant to this text, namely the characterization of dihydrofolate re-
ductase (DHFR), Galectin-3 (GAL3), and Abl kinase, as well as triose phosphate isomerase
(TIM), glycerol 3-phosphate dehydrogenase (GPDH), and orotidine 5-monophosphate de-
carboxylase (OMPDC) from the Richardson lab. Each highlights key themes that will appear
in this work, for DHFR it is the dynamic characterization of the enzyme ligand complex
and its relationship to observed catalytic rates. For GAL3, the interest lies in the entropy-
enthalpy trade-off in ligand binding, while for DHFR, it is the protein energy landscape
characterization that is particularly relevant. Work from the Richardson lab is particularly
relevant when considering the binding of phosphate to the guanidinium group of arginine

sidechains, as this has been investigated in several systems.

DHEFR demonstrates a range of conformational dynamics in both open and substrate bound
states (Schnell, Dyson, and Wright, 2004). The authors report that slow exchange between



1.3. Enzyme catalysis 5

two species in the substrate-free state occludes the binding pocket and presents with dif-
ferent ligand affinities. Upon substrate binding, a loop dynamic occurred at approximately
the observed rate of catalysis. When mutations were made to this loop, the rate of cataly-
sis was significantly perturbed. This loop when characterized using the Lipari-Szabo (LS)
modelfree (MF) formalism indicates that the loop acts as a flexible gate, helping to stabilize
the substrate in a geometry conducive to chemical transfer. Furthermore, the authors report
explicit dynamic fluctuations for residues in the active site that occur at the rate of the chem-
ical step in catalysis. Taken together, this extensive characterization of multiple steps in the
reaction cycle with dynamic information corroborated using multiple techniques highlights

some of the key themes that proteins may use to optimize the energy landscape for catalysis.

The characterization of ligand binding to GAL3 highlights an often overlooked concept in
ligand design, namely, the role of protein conformational entropy (Diehl et al., 2010). The
authors use a combination of NMR spectroscopy, isothermal titration calorimetry, and X-
ray crystallography, to investigate the binding of 3 different ligands to GAL3. The authors
conclude that "The estimated change in conformational entropy is comparable in magnitude
to the binding enthalpy, demonstrating that it contributes favourably and significantly to
ligand binding." Furthermore, the authors demonstrate that in their case, ligand binding is
enthalpically favoured but entropically disfavoured. This highlights a key theme in ligand
binding which is particularly relevant to enzymes with high affinity intermediate states -
the enzyme must encode some mechanism of ligand dissociation. The alternative, a ligand
where both enthalpic and entropic contributions are favoured, will likely result in a high
affinity complex that does not dissociate on a meaningful timescale for efficient catalysis.

However, if the purpose is to design such high affinity inhibitors, then a full free energy
landscape characterization of the protein and ligand is necessary. An example of this is the
case of Gleevec selectively binding to Abl kinase but not Src kinase, both targets for the
inhibition of chronic myelogenous leukemia (Wilson et al., 2015). In this case a dynamic
characterization of the enzyme indicated that the effectiveness of the drug was not due to
the binding of the open state of the Abl and Src enzymes, rather, the drug bound and through
an "induced-fit" mechanism, stabilized a minor state of the Abl (not Src) with a low k¢ rate,
resulting in effective inhibition. Furthermore, a previously asserted gatekeeper mutation
that drastically reduced the effectiveness of gleevec binding to Abl kinase was characterised
not to change the open - closed ratio and rate, rather, it drastically affected the rate of induced

fit conformational change.

Sidechain guanidinium - phosphate interactions (between arg and substrate) have been re-
ported to provide substantial binding energies in the range 11-13 kcal /mol for GPDH (Tsang,
Amyes, and Richard, 2008), for TIM (Amyes, O]jonoghue, and Richard, 2001), and for
OMPDC (Amyes, Richard, and Tait, 2005). For the enzymes GPDH (Tsang, Amyes, and
Richard, 2008; Go, Amyes, and Richard, 2010; Reyes, Amyes, and Richard, 2016) and TIM
(Go, Amyes, and Richard, 2010; Zhai, Amyes, and Richard, 2014), it was demonstrated that
substrate and active site could be assembled from constituent pieces and displayed highly
similar transition states to the native reaction (reviewed (Amyes and Richard, 2013)). Fur-
thermore, investigtation of Guanidinium - phosphate interactions provided sufficient energy
to induce conformational change in OMPDC (Desali et al., 2012; Reyes, Amyes, and Richard,
2016) and GPDH (Reyes et al., 2015). This is particularly relevant as our enzyme (BPGM)
uses this sidechain guanidinium - phosphate interaction to bind both SG1P and G6P in the



6 Chapter 1. Introduction

active site. This work demonstrates that it is a well conserved binding mechanism, with
significant energetic implications.

Ligand binding
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FIGURE 1.2: Timescales for a selection of biological processes (top) and the
NMR methods suited to their investigation (bottom).

1.3.1 Free Energy and Conformational Rearrangement

While the reaction coordinate diagram illustrated in Fig. 1.1 gives an elegant overview to
the mechanism by which enzymes achieve catalysis, this is by no means the whole pic-
ture. This reaction coordinate could refer to a number of things, from bond orientations
and electronic distributions, to localisation of substrates and their relative orientations. Con-
sequently, multi dimensional free energy landscapes have developed in attempt to better
model the reaction pathway. Like in a reaction coordinate diagram (Fig. 1.1 A), a free energy
diagram has a barrier to surmount (the TS) and the relative populations on either side of
the barrier (Fig. 1.1 E). As protein conformational changes are often slower than the chem-
ical step of catalysis, it is often the height of the TS in this free energy landscape that is rate
limiting.

This free energy landscape model has also been used in attempt to understand enzyme sam-
pling of conformational space in protein folding pathways (Okazaki and Takada, 2008). This
has led to the concept of a protein folding funnel, whereby, a protein randomly samples
conformational space yet tends towards the lowest energetic conformation (Dill and Chan,
1997). This has recently been corroborated by the direct observation of parallel folding path-
ways in ubiquitin (Charlier et al., 2018). While the energetic minimum is the most populated
at equilibrium, there are often several minima, and it is the exchange between these states
that we observe when we observe conformational dynamics in proteins.

Proteins are dynamic across a range of timescales, from electronic fluctuations in chemical
bonds on the ns—ps timescale, to domain reorientations and proline isomerisms on the ms—us
and s timescales respectively (Benkovic and Hammes-Schiffer, 2003). Proteins maintain their
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dynamism even when substrates are bound. It is frequently a challenge to determine if
dynamics occurring on the timescale of the rate of catalysis are implicated in the catalytic
cycle of the enzyme as in DHFR case (Schnell, Dyson, and Wright, 2004), or rather, if the
dynamics are just an artefact of the enzyme and unrelated to catalysis. Frequently large-
scale dynamic processes such as domain-reorientation are involved in product/intermediate
release and are the rate limiting step in catalysis (Bae and Phillips, 2006). While dynamics on
faster timescales may serve to rigidify the protein for catalytic specificity (Pabis, Duarte, and
Kamerlin, 2016), or to encode an efficient mechanism of release of high affinity intermediates.
It is argued that dynamics play a minimal role in the chemical step of catalysis, rather, the
electrostatic environment plays a much more important role in the chemical step (Pisliakov
et al., 2009). This was hotly contested in DHFR, where a ‘promoting motion” dynamic was
asserted to play a role in the chemical step itself (Hay and Scrutton, 2012).

1.3.2 Phosphoryl transfer enzymes

Under biological conditions, phosphate mono- and di-ester bonds have half-lives of mil-
lions of years (Lad, Williams, and Wolfenden, 2003). This property makes the phosphate
ester bond essential for many core biological processes such as both long and short term
information storage (DNA and cell signalling respectively), and the storage of chemical po-
tential energy (metabolism). Phosphorylation is a potent mechanism of post translational
modification of cellular proteins, with a predicted 100,000 phosphorylation sites in the hu-
man proteome (Zhang et al., 2002). Furthermore, phosphorylation of intrinsically disordered
proteins has recently been observed to impart secondary and tertiary structure essential to
function (Bah et al., 2014), but unchecked phosphorylation can lead to pathology, for exam-
ple the hyperphosphorylation of tau which has been implicated in neurofibrillary degener-

ation in Alzheimer’s disease (Gong et al., 2006).

In order to overcome the immense stability of the phosphate ester bond, the cell requires
highly proficient and often specific enzymes to break and reform these stable bonds on ap-
propriate timescales (Todd, 1959; Manning et al., 2002; Graauw, Hensbergen, and Water,
2006). A table outlining some of the key roles of phosphate in biology is presented in Table
1.1. Phosphoryl transfer enzymes have evolved with some of the largest rate accelerations
known to biology, with typical catalytic rate enhancements (kcat / kuncat ) approaching 102!
(Lad, Williams, and Wolfenden, 2003) which makes them prime targets for the investigation
of how to catalyze such unfavourable reactions. The phosphoryl transfer field spans nearly
70 years, with excellent reviews of the development of the field published recently (Lassila,
Zalatan, and Herschlag, 2011; Kamerlin et al., 2013) in addition to the seminal review by
Westheimer (Westheimer, 1987) entitled "Why nature chose phosphates". Several archetypal
phosphoryl transfer enzymes have emerged to investigate kinase, phosphatase, and mutase
activity over the last six decades, with each contributing to the general understanding and

paving way to further discovery (Kamerlin et al., 2013).

1.4 The B-phosphoglucomutase enzyme

Phosphoglucomutase enzymes are one class of phosphoryl transfer enzymes, found in both
prokaryotes and eukaryotes, that generate important precursors for glycolysis and anabolism
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Phosphate containing component Biological role

DNA/RNA Genetic material - information storage
ADP/ATP Intracellular energy storage and transfer
Pyridoxal phosphate Coenzyme

Nicotine adenine dinucleotide phosphate | Ca?" signalling

Glucose-6-phosphate Metabolism

Dihydroxyacetone phosphate Calvin cycle

Inositol phosphates Cellular signalling

TABLE 1.1: Biological uses of phosphate

in cells. B-Phosphoglucomutase (BPGM) from Lactococcus lactis is a magnesium-dependent
phosphoryl transfer enzyme (BPGM, EC. 5.4.2.6) which has been well-characterized phys-
iologically (Qian et al., 1994; Qian et al., 1997; Levander, Andersson, and Radstrom, 2001),
kinetically (Lahiri et al., 2004; Zhang et al., 2005; Dai et al., 2006; Golicnik et al., 2009) and
mechanistically (Lahiri et al., 2004; Dai et al., 2006; Baxter et al., 2006; Dai et al., 2009; Baxter
et al., 2010; Griffin et al., 2012; Jin et al., 2014; Johnson et al., 2018). BPGM catalyzes the
reversible isomerization of B-glucose 1-phosphate (8G1P) to glucose 6-phosphate (G6P) via
a B-glucose 1,6-bisphosphate (3G16BP) intermediate using a ping-pong bi-bi reaction mech-
anism (Fig. 1.3).

The active site of BPGM is located at the interface between the helical cap domain (T16-V87)
and the «/f core domain (M1-D15, S88-K216). Cap opening and closing relative to the core
domain occurs during the catalytic cycle, which exposes the active site to solvent and facil-
itates release of the substrates and the SG16BP intermediate. BPGM transfers a phosphate
group from the phospho-enzyme (BPGMF, phosphorylated at residue D8) to the physio-
logical substrate, BG1P, forming an enzyme-bound fG16BP intermediate. In this complex,
the 6-phosphate group remains in the proximal catalytic site, while the 1-phosphate group
occupies a distal phosphate binding site (Fig. 1.4). Release of BG16BP from the active site
allows rebinding in the alternate orientation (with the 1-phosphate in the proximal site and
the 6-phosphate in the distal site), leading to phosphoryl transfer from fG16BP to SPGM,
generating G6P and SPGM as products.

A catalytic Mg?* ion (Mgcat) is located adjacent to residue D8 in the proximal site and is coor-
dinated by the sidechain carboxylate groups of D8 and D170, the backbone carbonyl group
of D10 and typically two water molecules. The distal phosphate binding site is removed from
the catalytic center and has a role in anchoring ligands in the active site via interactions with
several conserved residues (e.g. R49 and K117). The interplay between the two phosphate
binding sites allows BPGM to bind either BG1P or G6P as substrates, and BPGM to bind
the BG16BP intermediate in either orientation, thus facilitating mutase activity.
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1.5 Chronology of the studies on SPGM

Here a brief overview of the BPGM publication history is presented with authors, dates and
manuscript titles for reference (Fig. 1.5). Some quotations are used to report directly what
was said when key phenomena were presented for the first time, and additionally, to try and
avoid misrepresentation on potentially contentious issues. Readers are strongly encouraged
to look in the respective manuscripts for further context. A description of the key findings
from each paper is presented, along with key tables and kinetic data. In the next section a
retrospective analysis is made which discusses many of the findings in the context of work
from other groups involved in the SPGM narrative.

1.5.1 “Purification and characterization of two phosphoglucomutases from
Lactococcus lactis subsp. lactis and their regulation in maltose- and
glucose-utilizing cells” (Qian et al., 1994)

In this paper the authors report:
o The first identification of « and - PGM enzymes in L. lactis .
o The first use of KCl gradient to elute BPGM off anion exchange column.

o A parametrization of sample longevity at room temperature and thermostability of the
open-BPGM form.

e The phenomenon that growth of L. lactis on glucose induces lactate production and
acidifies the growth medium. Growth of the cells on maltose, results in production of
less lactate, and consequently less acidification of the media.

o That switching growth media of bacteria from maltose to glucose represses the specific
activity of both a- and - PGM.

o The BPGM enzyme appears to have the same function in both Lactococcus and Euglena
cells.

1.5.2 “Product formation and phosphoglucomutase activities in Lacto-
coccus lactis: cloning and characterization of a novel phosphoglu-
comutase gene” (Qian et al., 1997)

In this paper the authors report:

o The characterisation of the PgmB gene and gives a detailed account of its cloning re-
sulting. The authors calculated a molecular mass of 24210 Da which was reportedly in
close agreement with the molecular mass of the purified BPGM (25 kDa).

e Exploration of growth on different media building from previous paper. The authors
observed that maximum specific activity of BPGM was increased by a factor of 4.6 (and
the specific growth rate by a factor of 7), when the maltose concentration was raised
from 0.8 to 11.0 g I'!. They concluded that growth on maltose upregulated the activity
of BPGM.
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BPGM Timeline

1 994 — Qian et. al. (1994). Purification and characterization of two
phosphoglucomutases from Lactococcus lactis subsp. lactis and
- their regulation in maltose- and glucose-utilizing cells
- Qian et. al. (1997). Product formation and phosphoglucomutase

activities in Lactococcus lactis: cloning and characterization of
a novel phosphoglucomutase gene.

Levander et. al. (2001). Physiological role of beta-phosphoglucomutase in

2000 A ‘
Lactococcus lactis.

- / Lahiri et. al. (2002). Crystallization and preliminary X-ray diffraction studies of
/ B-phosphoglucomutase from Lactococcus lactus.

Z __——— Lahiri et. al. (2002). Caught in the act: The structure of phosphorylated
B-phosphoglucomutase from Lactococcus lactis.
= ———— Labhiri et. al. (2003). The Pentacovalent Phosphorus Intermediate of a
Phosphoryl Transfer Reaction.
Lahiri et. al. (2004). Analysis of the Substrate Specificity Loop of the
HAD Superfamily Cap Domain.
Webster (2004). High-energy intermediate or stable transition state analogue:
theoretical perspective of the active site and mechanism of B-phosphoglucomutase.

2005

Tremblay et. al. (2005). Chemical confirmation of a pentavalent phosphorane

\ in complex with B-phosphoglucomutase
- Zhang et. al. (2005). Catalytic cycling in B-phosphoglucomutase: a kinetic and structural
analysis
- \\ Dai et. al. (2006). Conformational cycling in B-phosphoglucomutase catalysis: reorientation

of the B-D-Glucose 1,6-(Bis)phosphate intermediate.
Baxter et. al. (2006). A Trojan horse transition state analogue generated by
MgF; formation in an enzyme active site.

Baxter et. al. (2008). Anionic charge is prioritized over geometry in aluminum
and magnesium fluoride transition state analogs of phosphoryl transfer enzymes.

2010

Dai et. al. (2009). Analysis of the structural determinants underlying discrimination
between substrate and solvent in B-phosphoglucomutase catalysis.

Baxter et. al. (2009). MgF; and ®-galactose 1-phosphate in the active site of
B-phosphoglucomutase form a transition state analogue of phophoryl transfer. .

Goli¢nick et. al. (2009). Analysis of the structural determinants underlying discrimination
between substrate and solvent in B-phosphoglucomutase catalysis.

Baxter et. al. (2010). Atomic details of near-transition state conformers for enzyme
phosphoryl transfer revealed by MgF; rather than by phosphoranes.

Marcos et. al. (2010). Pentacoordinated phosphorus revisited by
2 0 1 5 T high-level QM /MM calculations.
Elasser et. al. (2012). Theoretical investigation of the enzymatic phosphoryl
- transfer of B-phosphoglucomutase: Revisiting both steps of the catalytic cycle.
Griffin et. al. (2012). Near attack conformers dominate B-phosphoglucomutase
- complexes where geometry and charge distribution reflect those of substrate.
Jin et. al. (2014). o-Fluorophosphonates reveal how a phosphomutase conserves
- transition state conformation over hexose recognition in its two-step reaction.
Ampaw et. al. (2017). Observing enzyme ternary transition state analogue complexes
- by 19 F NMR spectroscopy.
Barrozo et. al. (2018). Computer Simulations of the Catalytic Mechanism of
2020 e Wild-Type and Mutant B-Phosphoglucomutase.

FIGURE 1.5: BPGM publication timeline.
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o The first identification of the importance of a divalent metal cation in SPGM where the
authors state "A short sequence at the N-terminus was found to be similar to known
metal-binding domains..."

1.5.3 “Physiological role of beta-phosphoglucomutase in Lactococcus lac-
tis.” (Levander, Andersson, and Radstrom, 2001)

In this paper the authors report:

o The necessity of BPGM for growth on trehalose and a distinct growth rate improve-
ment on maltose.

o While maltose catabolism in B. subtilis could involve BPGM , this enzyme does not
have an apparent role in the metabolism of E. coli. In the present study, they found ev-
idence that BPGM is a central enzyme in the maltose and trehalose catabolic pathways
of L. lactis and also that trehalose is assimilated by a novel pathway in this bacterium.

1.5.4 “Crystallization and preliminary X-ray diffraction studies of S-phos-
phoglucomutase from Lactococcus lactus” (Lahiri et al., 2002b)

In this paper the authors report:
o The first crystallization of BPGM from L. lactis.

o The use of a SeMet labelling approach, with structure solution attempted using mul-
tiple wavelength anomalous dispersion (MAD) phasing method, using three wave-
lengths.

Crystals were obtained in two different conditions:

e 0.2M ammonium acetate, 0.1M trisodium citrate dihydrate pH 5.6, 30%(w/v) PEG
4000.

e 0.2M ammonium fluoride, 20% (w/v) PEG 3350 (unbuffered; measured pH 6.5).

o Further optimization of these conditions to 0.15M ammonium acetate, 0.1M trisodium
citrate dihydrate pH 4.5, 25% (w/v) PEG 4000 for the former and 0.1M ammonium
fluoride, 16% (w/v) PEG 3350 for the latter resulted in good-quality plate-like crystals
suitable for diffraction.

1.5.5 “Caught in the Act: The Structure of Phosphorylated g-Phospho-
glucomutase from Lactococcus lactis,” (Lahiri et al., 2002a)

Associated PDB files: 1LVH

In this paper the authors report:


http://www.rcsb.org/structure/1LVH
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1.5.6

The structure solution from the MAD phasing reported previously. The authors build
Cu chain through density then add sidechains. All but terminal 4 residues were mod-
elled.

The electron density in the active site and model both Mg?* and phosphate in the active
site. They assert that they have crystallized phosphorylated enzyme that co-purified
in the phosphorylated form.

The authors note that no phosphate, sulfate, or similar ions were included in the crys-
tallization solution, which prompted the assertion that "...the assignment of the elec-
tron density to a phosphoryl group covalently linked to Asp8 is unequivocal."

The first residue-specific mechanistic prediction "...the B-PGM active site might be
compatible with a two- nucleophile mechanism in which Asp8 and Asp10 function
as the mediators of phosphoryl transfer."

A description of how the BPGM fold relates to the rest of the HADSF fold and elaborate
on how several phosphotransferases may have specialized to perform function.

Due to the “out’ orientation of D10, it cannot bind and activate a water molecule for
in-line attack of the aspartyl phosphate group, which may indicate why the phospho-
aspartate (D8") was so stable.

A half life of AcP was previously determined to be 21h under pseudo-physiological
conditions (Di Sabato and Jencks, 1961) which the authors rationalize to be the reason
that they could observe a phosphorylated aspartate residue crystallographically.

“The Pentacovalent Phosphorus Intermediate of a Phosphoryl Trans-
fer Reaction” (Lahiri et al., 2003)

Associated PDB files: 1003,1008.

In this paper the authors report:

1.5.7

The crystal structure of BPGM in a closed conformer with a trapped pentavalent phos-
phorane intermedjiate.

The phosphorane intermediate is trapped when BPGM is co-crystallized with either
BG1P or G6P ligands.

"Inversion matrix calculations of the [electron density] data show that the accuracy
of the bond lengths is & 0.11 A and that of the bond angles is + 3°. (Sheldrick and
Schneider, 1997)

The "...in-line (174°£ 3°angle) arrangement of the Asp8 OD1 nucleophile and C(1)O
leaving group, conforms to the trajectory expected for the reaction coordinate of an
associative nucleophilic substitution reaction at phosphorus".

“Comment on "The Pentacovalent Phosphorus Intermediate of a Phos-
phoryl Transfer Reaction"” (Blackburn et al., 2003)

In this technical comment the authors discuss:


http://www.rcsb.org/structure/1O03
http://www.rcsb.org/structure/1O08
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o The apical bond lengths for the trigonal bipyramidal intermediate (2.0 and 2.1 A) are
longer than bond lengths in small molecule phosphoranes, such as pentacyclohexyloxy-
phosphorane where bond lengths are 1.65 A and 1.67 A. Given that the observed
species resembles a transition state, these distances may not be unreasonable.

e At 93 K, the half life for decomposition of the activated complex is < 107115, so it is
unlikely to be a trapped intermediate state.

e The reduction in temperature from 291 K to 93 K would have led to a decrease in AG}

of ca. 12 kcal mol™ for the reaction within the ES complex.

e Previously, it was determined that MgF3™ assembled in the active site of a small GTPase
(Graham et al., 2002), and given the 10 mM MgCl, and 100 mM NH4F used in the
crystallization conditions, the authors suggest that the observed species may in fact be
a MgF;™ TSA.

e While a change in interpretation was essential, the model can still be interpreted in
terms of dissecting the nature of the TS (concerted /dissociative/intermediate, etc...)

1.5.8 “Response to Comment on "The Pentacovalent Phosphorus Inter-
mediate of a Phosphoryl Transfer Reaction"” (Allen and Dunaway-
Mariano, 2003)

In this technical comment the authors discuss five key points to defend their initial interpre-
tation:

o Bradford protein and Malachite Green phosphate assays on washed crystals define an
enzyme:phosphate stoichiometry of 1:2 with 10% error.

e Mg-F bond distances are in the range 1.9-2.0 A, whereas the equatorial P-O bond dis-
tances reported in (Lahiri et al., 2003) were 1.7 £ 0.1

o Anomalous-difference electron density shows electron density of equal magnitude at
both assigned phosphorus positions, which is not consistent with a MgF; TSA as the
scattering from the Mg ion is less than half that of P (at the wavelength of data collec-
tion).

o "..crystals of the B-PGM complex are formed in crystallization solutions containing as
little as 1 mM ammonium fluoride, yet ammonium fluoride at three times this concen-

tration does not inhibit B-phosphoglucomutase catalysis."

o "... the phosphorane intermediate observed in the B-PGM-complex structure has prece-
dent in chemical models (7,8). The magnesium trifluoride species cited by Blackburn
et al. (1), by contrast, has no proven chemical model."

e "In summary, the study in (9) [(Graham et al., 2002)] offers no proof of the existence of
magnesium trifluoride in solution or bound to the G protein, nor any explanation of
why Mg(Il) would form magnesium trifluoride in neutral solution or in the active site

of an enzyme."
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1.5.9 “Analysis of the Substrate Specificity Loop of the HAD Superfamily
Cap Domain” (Lahiri et al., 2004)

The authors kinetically characterize several variants of SPGM (Table 1.2). The authors re-
port:

e A compare and contrast between SPGM and phosphonatase.

o A kinetic characterisation of several variants of BPGM using the initial rate of turnover
of a spectrophotometric coupled assay: WT, K45A, K45R, G46P, G46V, G46A, R49K,
R49A, S52A (Table 1.2).

o Identification of the salt bridge between K45 and D170.

e That R49 plays an important role due to the mutations effect on keat / Km and the au-
thors suggest that the interaction between R49 and the phosphate in the non-catalytic
site " ... is important to substrate binding and domain-domain closure." and conclude
the paragraph stating that "Arg49 is therefore essential to efficient f-PGM catalysis."

enzyme Keat (s71) Km (uM) Keat /Km (s M™1)
wild type 17.6 £0.6 4.6 +0.5 3.7 x10°
K45A 0.037 £ 0.002 240 + 40 1.5 x102
K45R 0.61 £+ 0.01 85+0.7 7.2 x10%
G46P 0.126 £ 0.003 2200 + 100 5.7 x10!
G46V 0.0046 + 0.0001 18.8 0.8 2.6 x10?
G46A 0.018 4+ 0.002 2000 +100 9.0 x10°
R49K 0.0580 4+ 0.0009 180 4 10 3.2 x102
R49A 0.078 4+ 0.002 13300 900 5.9 x10°
S52A 9.8 £0.6 4044004 2.5 x10°

TABLE 1.2: Kinetic characterisation of several variants of BPGM presented in
(Lahiri et al., 2004) using a spectrophotometric coupled assay

1.5.10 “High-Energy Intermediate or Stable Transition State Analogue:
Theoretical Perspective of the Active Site and Mechanism of -
Phosphoglucomutase” (Webster, 2004)

The author reports:

o The use of ONIOM(B3LYP:PM3MM) calculations to characterise the nature of the pre-
viously reported phosphorane intermediate using the crystal structure as a starting

model.

o The calculated TS for the MgF3 analog "...geometry matches that of the reported crystal
quite well". Optimization for a five coordinate phosphorus "...does not converge to a
stable minimum but to a transition state (TS) for phosphoryl transfer." Distances are
given in table 1.3

e TS energy barrier predicted to be +14.0 kcal mol™, 147 cm™'.
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Bond Reactant (A) Transition state (A) Bis-phospho intermediate A)
D8 -P 1.78 2.24 2.94
1-OH-P | 3.07 1.99 1.70

TABLE 1.3: Calculated bond lengths for a transferring phosphate group in
step 2 of the BPGM reaction scheme (assembled from numbers in text), pre-
sented in (Webster, 2004)

o The author summarizes the calculation work with "In any case, the concerted transfer
of the phosphoryl group is clear; there is no five-coordinate phosphorane or three-
coordinate metaphosphate intermediate"

1.5.11 “Catalytic cycling in B-phosphoglucomutase: A kinetic and struc-
tural analysis” (Zhang et al., 2005)

Associated PDB files: 1ZOL
The authors present kinetically determined parameters (Table 1.4) and the authors report:

o The defence of the assertion in PDB: 1LVH (Lahiri et al., 2002a) that the enzyme is phos-
phorylated, they suggest that phosphate in solution may have spontaneously phos-
phorylated the enzyme.

o The essential role of D8 was identified when catalytic inactivity was observed in the
D8N and D8E protein variants.

e A Km for Mg?* activation of 270 4 20 M.

e Observed activity in the E169A/D170A double loop mutant, as well as the D170A
mutant.

e The authors use varying concentrations of sodium tungstate (0, 125, 250, and 500 zM)
or molybdate (0, 160, and 320 yM) in 50 mM K* HEPES (pH 7.0) to inhibit SPGM
catalysis.

o The re-crystallization of the open enzyme (PDB: 1ZOL).

o The prediction that "Arg49 with the 'nontransferring” phosphoryl group of the sub-
strate ligand might stabilize the cap-closed conformation, as required for active site
desolvation and alignment of Asp10 for acid-base catalysis."

o A keat as a function of pH profile was calculated for SPGM from pH 4.5 - 9.5. [The
buffer was seemingly HEPES (buffering range of ca. 6.8-8.3.) although it is unclear.]

o It was identified that phosphoryl transfer occurs from C(6) of a-G16BP, rather than
C(1), when catalysis is primed with the bisphospho-substrate.

e The authors identify a phospho-B-PGM (8PGMP) hydrolysis rate of 3 min™!.

1.5.12 “Chemical Confirmation of a Pentavalent Phosphorane in Complex
with B-Phosphoglucomutase” (Tremblay et al., 2005)

Associated PDB files: 174N, 1740.


http://www.rcsb.org/structure/1ZOL
http://www.rcsb.org/structure/1Z4N
http://www.rcsb.org/structure/1Z4O
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enzyme Km - Mg?" (uM) Km - BGIP (uM)  keat (s71)

wild type 270 + 20 146 £05 171+ 0.6

DSA inactive (<1075s71)

DSE inactive (<1075s71)
D170A ND 7.8 +0.2 (3.84 + 0.03) x10~3
E169A/D170A ND 390 + 20 (1.20 £ 0.02) x10~3

TABLE 1.4: Kinetic Constants for Wild-Type and Mutant B-PGMs (in the pres-
ence of 50 M a-G16P as the activator) presented in (Zhang et al., 2005) using
a spectrophotometric coupled assay.

The authors report:

o The crystallization of a-galactose 1-phosphate in the active site of BPGM which does
not appear to form an MgF;~ TSA despite the assertion that the same concentrations of
ammonium fluoride and MgCl, were used as in the phosphorane intermediate struc-
ture (Lahiri et al., 2003).

e Malachite green phosphate binding assay data are also presented in attempt to validate
the reported phosphorane complex. (PDB: 1008; (Lahiri et al., 2003))

1.5.13 “Conformational cycling in S-phosphoglucomutase catalysis: Re-
orientation of the f-D-glucose 1,6-(bis)phosphate intermediate” (Dai
et al., 2006)

The authors report:

e B-Phosphoglucomutase catalyzes the conversion of BG1P to G6P (in the presence of 2
mM Mg?* (Km = 270 £ 20 uM)) with a keat = 177 + 957! and Km = 49 4 4 yM at pH
7.0and 25 °C.

o Asteady-state ket =177 £ 9s~1 for multiple turnover of fG1P when fPGM is activated
by the BG16BP intermediate.

o The use of a radiolabelled substrate approach to investigate whether the SG16BP inter-
mediate dissociates from the active site at the mid point in the reaction, or maintains
contact with the enzyme and is "flipped" in the active site. The authors conclude that
the ligand is released into solution to freely dissociate.

e Kinetics of the autophosphorylation rate of BPGM by BG1P with ket = 0.83 £ 0.01 57!
and Km =400 £ 40 uM.

e Single turnover reactions of [U-'*C]3G16BP with excess BPGM demonstrated that phos-
phoryl transfer (rather than ligand binding) is rate-limiting in catalysis, and corrobo-
rate the observation that the BG16BP intermediate binds to the active site both orien-

tations with roughly the same efficiency.
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1.5.14 “A Trojan horse transition state analogue generated by MgF3™ for-

mation in an enzyme active site” (Baxter et al., 2006)

The authors report:

For open BPGM, the resting state was not phospho-enzyme (8PGMF) using 3!P 1D
NMR. They further demonstrated that there was no accumulation of enzyme bound
phosphorane intermediate in solution either using the same approach.

3P NMR was used to demonstrate that G6P and MgF;~ formed an observable com-
plex, this observation was then corroborated by the observation of MgF; peaks by '°F
NMR.

19F_1H NOE spectra were performed to assign the fluorides in the active site.

Backbone NMR assignments of both the apo form and the SPGM:MgF3:G6P complex
were performed.

Inhibition of catalysis by uM fluoride concentrations is demonstrated in contrast to
previous reports (Allen and Dunaway-Mariano, 2003; Tremblay et al., 2005)

1.5.15 “Anionic charge is prioritized over geometry in aluminum and mag-

nesium fluoride transition state analogs of phosphoryl transfer en-
zymes” (Baxter et al., 2008)

The authors report:

The use of ’F NMR to demonstrate that for BPGM, a pH-jump does not induce the
fluoride coordination number of an AlF,~ moiety to drop to AlF;, with concomitant
charge neutralization. Instead, AlF,;~ is progressively replaced by MgFs;~ as the pH
increases. The authors conclude this point by indicating that the enzyme prioritized

anionic charge over native trigonal geometry over a broad pH range.

Backbone NMR assignments of the SPGMwT:AlF4:G6P complex, as well as the four
fluoride peaks by F:'H-NOE.

Through competition study, the authors demonstrate that any physiological effects of
enzyme inhibition by metal fluorides are the result of aluminum fluoride species. This
directly correlates with previous work where it was observed that high F concentra-
tions leech Al out of glassware (which typically comprises >4% (Sternweis and Gilman,
1982; Wittinghofer, 1997)).

The authors finish by noting "... that several, if not a majority, of the high-pH AIF;Y
transition state analogue complexes reported for nucleotide kinases, should be treated
with caution”.
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1.5.16 “Analysis of the Structural Determinants Underlying Discrimina-
tion between Substrate and Solvent in f-Phosphoglucomutase Catal-
ysis” (Dai et al., 2009)

Associated PDB files: 3FMO9.

The authors perform steady state kinetics on several enzyme variants of SPGM (Table 1.5).
The authors present BG16BP hydrolysis rates by several enzyme variants (Table 1.6), and the

authors also perform further single turnover reactions (Table 1.7).
The authors report:
e Replacement of D10 with A, S, C, N, or E resulted in no observable activity.
e The authors also present a T16P open-structure with D10 in a strained rotamer.

e The authors present a model whereby repositioning of D10 (from ‘out’ to "in’) is con-
certed with domain closure, and a transition from hydrogen bonding with T16-A17 in
the open state to the H20-K76 pair in the closed state.

o The authors state that "The model predicts that Asp10 is required for general acid /base
catalysis and for stabilization of the enzyme in the cap-closed conformation. It also
predicts that hinge residue Thr16 plays a key role in productive domain-domain asso-
ciation, that hydrogen bond interaction with the Thr16 backbone amide NH group is
required to prevent phospho-Asp8 hydrolysis in the cap-open conformation, and that
the His20-Lys76 pair plays an important role in substrate-induced cap closure."

e In the T16P variant the authors observe a reduced rate of D8 phosphorylation by
BG16BP, a reduced rate of equilibration BG1P with G6P, and an enhanced rate of phos-
phoryl transfer from phospho-Asp8 to water.

e The authors predict that "Taken together, the results support a substrate induced-fit
model of catalysis in which SG1P binding to the core domain facilitates recruitment of
the general acid/base Asp10 to the catalytic site and induces cap closure.”

p-PGM  Km (zM) kcat(sil) Keat/Km (M_l 571)
WT 31+2 175+ 5 6 x 10°

D10N ND <0.001 ND

D10S ND <0.001 ND

D10C ND <0.001 ND

T16P 48403 0.026+0.001 5x10°
H20Q 45+1 219 +0.1 5x 10°
H20N 170+ 10 0.62 £+ 0.02 4 %103
H20A  41+3 0.026 + 0.004 6 x 102
K76A  66+1 1.56 + 0.01 2 x 104

TABLE 1.5: Kinetics taken from (Dai et al., 2009). ND = Not Determined,
Steady-State Kinetic Constants for Wild-Type and Mutant §-PGM Measured
Using Assay Solutions Containing Varying Concentrations of fG1P, 5 uM
BG1,6bisP, 2 mM MgCl,, 0.2 mM NADP, and 2.5 Units/mL Glucose 6-
Phosphate Dehydrogenase in 50 mM K* HEPES (pH 7.0 and 25 °C))


http://www.rcsb.org/structure/3FM9
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B-PGM Km (uM)  keat (s71)
wild-type  0.63 + 0.07 0.0298 + 0.008

H20N 1.49 £0.09 0.0303 £ 0.0005
H20A 26£0.1 0.0197 + 0.003
T16P 10+£1 0.38 £ 0.01

TABLE 1.6: Kinetics taken from (Dai et al., 2009). Steady-State Kinetic Con-

stants of B-PGM-Catalyzed BG1,6bisP Hydrolysis in 50 mM K* HEPES (pH

7.0, 25 °C ) Containing 2 mM MgCl, and BG1,6bisP at Various Concentra-
tions.

B-PGM  [BG1,6bisP] (uM) kobs(BGIP) (s™!) kobs(BG6P) (s~1) G6P/BGIP

wild-type 5 122 +£0.3 93+04 10
T16P 50 0.014 + 0.002 0.014 £+ 0.002 0.6
H20Q 5 0.96 + 0.04 0.78 £ 0.04 10
H20N 50 0.042 £+ 0.002 0.018 £+ 0.002 10
H20A 50 0.0055 + 0.0004 0.0029 £ 0.003 1

K76A 5 0.164 £ 0.006 0.157 £ 0.004 10

TABLE 1.7: Kinetics taken from (Dai et al., 2009). Apparent Rate Constants of

the Wild-Type and Mutant L. lactis B-PGM (40 or 20 uM)-Catalyzed Single-

Turnover Reactions of [14C]BGI1P (5 uM) in the Presence of pG1,6bisP (5

or 50 iM). The kg, values for ["*C]G6P or [*C] BG1,6bisP formation and

['*C]BG1P consumption were obtained by fitting the individual sets of time
course data to first-order rate equations.

1.5.17 “Kinetic Analysis of f-Phosphoglucomutase and Its Inhibition by
Magnesium Fluoride.” (Golicnik et al., 2009)

The authors kinetically characterize and model the reaction scheme in fPGM (Table 1.8).
The authors report:

o The first documentation of the lag phase prior to steady state kinetics in BPGM.

o The addition of BG16BP to the reaction eliminated the lag phase prior to steady state ki-
netics and modelled the lag phase as a competition reaction between the non-productive
binding of BG1P to un-phosphorylated enzyme, and pG16BP binding to the enzyme
active site and generating phospho-enzyme.

¢ Kinetic modelling of the BPGM reaction scheme with fitting the observed data to two
reaction schemes (Table 1.8; Fig. 1.6, 1.7).

o When fluoride and magnesium ions are present, time-dependent inhibition of the SPGM
is observed.

o A BPGM:MgF3:6G1P inhibitory complex is formed when the equilibration of SG1P
and G6P is performed in the presence of magnesium and fluoride with inhibitions
occurring at slow (minutes) and fast (ms) timescales (illustrated in Fig. 1.8; Table 1.9).
The overall stability constant for this complex is approximately 2 x 10~ M°. When
a conservative estimate of the association constant of MgFs for the active site is made,
a Kd of the MgF;™ moiety for this transition-state analogue (TSA) of ca. 70 nM.
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o The authors conclude that "The preference for TSA formation when fluoride is present,
and the hydrolysis of substrates when it is not, rules out the formation of a stable
pentavalent phosphorane intermediate in the active site of BPGM."

parameter fit to Scheme 3 fit to Scheme 5 calculated
Keat 64.7 + 0.7 s 1 74+ 1551
Km (BG1P) 14.7 £ 0.5 uM 154+ 4 uM
Km (8G16BP) 0.72 4+ 0.04 uM 0.8+ 0.2 uM
Ki (BG1P) 122 +£ 15 uM 122 + 8 uM 122 + 8 uM
k1 253 £ 22571

K1 (BG1P) 51 + 5 uM

k2 105 £ 3571

K2 (BG16BP) 1.1+0.1uM

k5 29403s7!

K5 («G16BP) 91 + 6 uM

Kia (xG16BP) 21 +2uM

kH20 0.026 + 0.001 s~ 1

TABLE 1.8: Kinetics presented in (Golicnik et al., 2009). Kinetic Parameters
Determined under Steady-State Conditions (from Initial Rates in the Presence
of BG16BP) and Non-Steady-State (from Progress Curves in the Presence of
«G16BP). kyj,0 determined from steady-state rates when only SG16BP was
present in the reaction mixture and the rate-limiting step at steady state is the
hydrolysis of phosphoenzyme. Conditions: 2 mM MgCl,, 50 mM K* HEPES,

pH7.2.
K
BPGMP + BG1P BG1P-BPGMP
A
GeP BG1P“BPGM
.W k2 k‘l
K / + BG1P
K;
BG16BP*BPGM BG16BP + BPGM

FIGURE 1.6: Scheme 3 adapted from (Golicnik et al., 2009).

fluoride-dependent magnesium-dependent

K; 28+0.1
knM~1s™1 166 4 10 173 +£5

kips ™1 0.037 £ 0.007 0.035 £ 0.008
kizs ! 0.010 + 0.006 0.011 4 0.004
kigs ™1 0.0056 + 0.0016 0.0049 + 0.0016

TABLE 1.9: Kinetic constants calculated determined from the time-dependent
inhibition progress curves reported in (Golicnik et al., 2009).
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Ky

BPGMP + BG1P BG1P-BPGMP

%aew
G6P
j k aG16BPBPGM ky 0G16BP*BPGM
K5 Kiq
+oG16BP + aG16BP

K, K

BG16BP*fPGM ——— BPGM ————— PBGIP“BPGM

+ + BG1P
BG16BP

FIGURE 1.7: Scheme 5 adapted from (Golicnik et al., 2009).

1.5.18 “MgF; and a-Galactose 1-Phosphate in the Active Site of 5-Phos-
phoglucomutase Form a Transition State Analogue of Phosphoryl
Transfer” (Baxter et al., 2009)

The authors report:

e F 1D spectra demonstrating that MgF;~ forms in the active site of BPGM in the
presence of a-galactose 1-phosphate, contrasting to the evidence presented previously
(Tremblay et al., 2005).

e YF-'HNOE data are used to corroborate the fact that the MgFs species is in the active
site of BPGM, along with Jyr couplings present in the observed backbone amide 'H-
I5N-2D spectra.

o This manuscript also notes that there is the loss of a hydrogen bond to Fc [now termed
F1] in the MgF;~ TSA moiety on binding «-galactose 1-phosphate rather than G6P
(based on '°F 1D NMR spectra). This is due to the loss of the 2-OH group of G6P

which can stably coordinate the Fc fluorine position [now termed F1].

1.5.19 “Atomic details of near-transition state conformers for enzyme phos-
phoryl transfer revealed by MgF; ™ rather than by phosphoranes”
(Baxter et al., 2010)

Associated PDB files: 2WF5, 2WF6, 2WHE.
The authors report:

e The 3'P NMR spectrum of BPGM expressed and purified according to established pro-
cedures by both groups (Allen/Dunaway-Mariano and Waltho/Blackburn/Hollfelder)
and showed that freshly prepared protein has no phosphate moiety covalently bound
to D8. Thus, neither the phosphorane species or the metastable phospho-enzyme

species were directly observed at equilibrium.

o The authors addressed "...the remarkable hypothesis that the presence of Pi is sufficient
to cause phosphorylation of D8 before or after crystallization (Zhang et al., 2005)". The
authors reported no aspartyl-phosphate peak in the presence of high concentrations of


http://www.rcsb.org/structure/2WF5
http://www.rcsb.org/structure/2WF6
http://www.rcsb.org/structure/2WHE

1.5. Chronology of the studies on BPGM 23

N
\g\j [D\n/\ﬂsnu
ﬁG1P*-BPGM
< 11 "‘F
d O /\ TI/\
\_OV\ /NN )

BG1PF;> pPGM*

D"-Ipr-o Kiz WL Ki1
\/\ —
OTI/J\ SF'H
‘\___H /\/\ FINO
BG1PMgF5 BPGM*
@ Kia WL ki3
-
Ny i —
Kl:ﬁ/‘ WHG‘W/\AEL"E;
H\M-F F | \D -

PG1P-MgF5~BPGM

FIGURE 1.8: Scheme 6 adapted from (Golicnik et al., 2009).

phosphate. The authors predict that what was observed crystallographically may be
an AlF;~ moiety and present a 1D F NMR of AlF,;~ binding to the open-enzyme.

e The BPGM:MgF3:G6P complex under near identical conditions to the NMR solution
and observed an MgFs~ moiety in the active site. The authors also re-refine the initial
"phosphorane" structure with MgF; and demonstrate the removal of difference map
peaks.



24 Chapter 1. Introduction

o Several Kd values for TSA formation were determined for solutions containing mag-
nesium and fluoride by 'H NMR and ITC: G6P = 1 uM, 2-deoxyG6P = 80 uM, 6-deoxy-
6-(phosphonomethyl)-D-glucopyranoside = 300 uM.

e Solvent isotope shifts for the 1°F resonances in the MgF; TSA complexes were plot-
ted against both chemical shift and F-H distance in the crystal complex. The authors
conclude the paper stating that "...the metal fluoride complexes offer opportunities to
measure properties of near-TS complexes that are currently unmeasurable for phos-
phorus oxide species, in particular the independent measures of local electrostatic and
hydrogen-bonding distributions using '°F 1D NMR."

1.5.20 “Pentacoordinated phosphorus revisited by high-level QM/MM cal-
culations” (Marcos, Field, and Crehuet, 2010)

The authors report:

e A determination of the reaction path of the phosphorylation step using high-level
QM /MM calculations, and calculate the geometry of the transition state analogue com-
plex, which is in good agreement with the BPGM:MgF3:G6P TSA crystal structure.

o "Our results reveal that the rate limiting step for the production of G6P from the phos-
phorylated enzyme is the chemical process of phosphoryl transfer, with an activation
energy that corresponds well to the experimental rate constant obtained by Waltho and
co-workers".

o "We also show that the TSA is a good mimic of the true TS" and that the timing of pro-
ton transfer from the nucleophilic hydroxyl group of G6P (to D10) occurs after much
of the P-O(C1)-G6P bond formation has occurred (ie. when considering the reverse of
the step 2 process, going from phospho-D8 to form the SG16BP).

1.5.21 “Theoretical investigation of the enzymatic phosphoryl transfer of
B-phosphoglucomutase: revisiting both steps of the catalytic cycle”
(Elsasser, Dohmeier-Fischer, and Fels, 2012)

The authors report:

o The investigation of both steps (BG6P to fG16BPand pG16BPto BG1P) of the reaction
using QM /MM theoretical method at the DFT/PBEO level of theory, as well as NEB
(nudged elastic band) and free energy calculations to identify transition states and free

energies.

o "Ser114 and Lys145 also play important roles in stabilizing the large negative charge on
the phosphate through strong coordination with the phosphate oxygens and guiding
the phosphate group throughout the catalytic process."

o The calculated energy barrier for the BG1P to BG16BP step is only slightly higher than
for the BG16BP to BG6P step (16.10 kcal mol™ versus 15.10 kcal mol™) and is in excel-
lent agreement with experimental findings (14.65 kcal mol™!).
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e The timing of proton transfer from the nucleophilic hydroxyl group of G6P (to D10)

occurs after very little of the P-O(C1)-G6P bond formation has occurred (ie. when con-

sidering the reverse of the step 2 process, going from phospho-D8 to form the BG16BP).

1.5.22

“Near attack conformers dominate S-phosphoglucomutase complexes
where geometry and charge distribution reflect those of substrate”
(Griffin et al., 2012)

Associated PDB files: 2WF8, 2WF9, 2WFA.

The authors report:

e YF 1D NMR spectra that demonstrate that a beryllium trifluoride moiety (BeF3~) read-

ily assembles in the active site of BPGM without requirement for chemical synthesis.

e Backbone NMR assignment of the SPGM:BeF3~ complex, with indication that the so-

lution data predict an open conformer like the open state. The authors also note that
generation of a phospho-enzyme mimic brings residues out of intermediate exchange
(ms timescale) in the active site as is observed in the open state of the enzyme.

Backbone NMR assignment of the BPGM:BeF37:G6P complex and predict that the so-
lution state is ca. 50-60% closed (between open and MgF3:G6P reference points).

The crystal structures of: BPGM:BeF;~and BPGM:BeF3:G6P in a hydrogen-bonded
(NACI) and aligned (NACII) near attack complexes.

Despite the addition of BeFs, significant mutase activity persists in the enzyme, as there
is a partial occupancy of BG1P in the active site.

19F NMR is presented of both the BPGM:BeF;~ complex (3 protein bound peaks) and
the BPGM:BeF5;7:G6P complex (2 observed protein bound peaks).

"In the active site, the fluoride ions (average charge = -0.67) carry ~70% of the negative
charge of the corresponding oxygen atoms (average charge = —0.95), and the beryllium
atom (charge = +1.2) carries ~60% of the positive charge of the corresponding phos-
phorus atom (charge = +2.1). Hence, though the fluoroberyllate moiety carries approx-
imately the same overall charge as the genuine reacting species, it is somewhat scaled

down in terms of internal charge separation."

1.5.23

“n-Fluorophosphonates reveal how a phosphomutase conserves tran-
sition state conformation over hexose recognition in its two-step
reaction” (Jin et al., 2014)

Associated PDB files: 2WF7, 4C4R, 4C4S, 4CA4T.

The authors report:

e The design and synthesis of novel phosphonate analogues of BG1P to probe the first

phosphoryl transfer step of BPGM. The authors conclude that the enzyme necessarily
generates alignment of the scissile O-P bond with the nucleophile in all of the TSA
complexes observed for both steps of the reaction in BPGM.


http://www.rcsb.org/structure/2WF8
http://www.rcsb.org/structure/2WF9
http://www.rcsb.org/structure/2WFA
http://www.rcsb.org/structure/2WF7
http://www.rcsb.org/structure/4C4R
http://www.rcsb.org/structure/4C4S
http://www.rcsb.org/structure/4C4T

26 Chapter 1. Introduction

o That BPGM accomplishes step 1 and step 2 of its reaction within a near-identical, closed
protein conformation. The primary differences between the TSA complexes for steps
1 and 2 lie in how the enzyme accommodates substrate. The authors apportion the
binding event into three zones; the inert (non-transferring phosphate), the hexose ring,
and the transferring phosphate.

e The inert phosphate is coordinated identically across all of the TSAs studied (PDB
ID codes 4C4R, 4C4S, 4C4T, 2WF5, 2WF6, and 2WEF7). This shows that phosphate is
coordinated in the non-transferring site site in essentially the same way for both steps
of the reaction.

o The hexose ring is accommodated differently in step 1 and step 2 of the reaction as a
result of a ~1.5A translation towards the transferring phosphate site. A cavity emerges
between the hexose ring and the protein on binding of G6P (as opposed to BG1P) and
the resulting space is occupied by two water molecules not present in step 1. Only one
direct hydrogen bond to Gly46 maintained between the two steps.

e The analogue of the transferring phosphate group is accommodated nearly-identically
across the two steps, with highly comparable Oax-Mg?*~O,x bond lengths and angles
(176° for both; 4.1 A and 4.3 A for step 1 and 2 respectively).

1.5.24 “Observing enzyme ternary transition state analogue complexes by
19F NMR spectroscopy” (Ampaw et al., 2017)

Associated PDB files: 50LW, 50LX, 50LY.

The authors present inhibition data for fluoro-phosphonate analogs of BG1P (Table 1.10).

The authors report:

e The use of a 5-Fluoro Tryptophan labelling strategy to oberve ternary complex forma-
tion with MgF3™ and AlF,~ TSAs, with ca. 85 % labelling efficiency.

o The crystal structure of the 5SFWBPGM:MgF3:G6P complex and demonstrate some
non-essential ring flips of W216 which is distant from the active site.

e The conclusion that "This data unequivocally demonstrates that the concentration of
the metal fluoride complexes is equivalent to the concentration of enzyme and ligand

in the TSA complex in aqueous solution."

e The authors present F 1D spectra of 5SFWBPGM in both open forms and with non-
hydrolysable fluoro-phosphonate analogues of BG1P and MgF;.

1.5.25 “Computer simulations of the catalytic mechanism of wild-type
and mutant B-phosphoglucomutase” (Barrozo et al., 2018)

The authors report:

o A substrate-assisted mechanism of phosphoryl transfer is viable for many phospho-
transferases.


http://www.rcsb.org/structure/5OLW
http://www.rcsb.org/structure/5OLX
http://www.rcsb.org/structure/5OLY
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Wild-type BPGM  5FWSPGM

Km 9.0+ 0.7 uM 10.1 £2.1 uM
Keat 77 +0.1s71 38+ 01s!
ICso (BG1CP) 18 +3 uM 134+5uM
ICs0 (BG1CFsP) 1542 uM 11+2uM
Ki(comp) (BGICP) 4.67 = 0.04 uM
Ki(comp) (BG1CFsP) 4.03 £ 0.03 uM

TABLE 1.10: Kinetic parameters for wild-type and SFWBPGM with native
substrate and competitive inhibitors described in (Ampaw et al., 2017).

e Empirical valence bond (EVB) calculations of the catalysis of the wild type (WT), D10N,
D10S, D10C, H20A, H20Q, T16P, K76A, D170A and E169A/D170A protein variants.

e " ... calculated activation free energies confirm that D10 is likely to serve as the general
base/acid for the reaction catalyzed by the WT enzyme and all its variants, in which
D10 is not chemically altered.” Namely, that while a substrate assisted mechanism may
be a viable choice in the WT enzyme, it is "substantially higher in free energy" than the
D10-assisted mechanism .

e The prediction from calculation that D10 plays a key role in both structural organiza-
tion and maintaining electrostatic balance in the active site.

o The prediction that the phosphorus transfer and the proton transfer in both steps of
the reaction are synchronous. This contrasts to QM predictions (Marcos, Field, and
Crehuet, 2010; Elsisser, Dohmeier-Fischer, and Fels, 2012).

e Metadynamics calculations which indicated that there is a free energy difference of 0.8
+ 0.9 kcal mol™ between the two rotameric states of the D10 sidechain (in favour of
the “cap-open” conformation - ie. "out"), with an activation barrier of 3.1 £ 0.6 kcal
mol !,

e The prediction that the increased stability of the BPGM:SG16BP (Michaelis complex)
in D10 variants to the loss of charge repulsion between the phosphate and the D10
sidechain carboxylate. The authors conclude later that this electrostatic repulsion may
play a role in ground state destabilization, and promotion of BG16BP intermediate
release.

e "...every amino acid that makes a significant electrostatic contribution (>1.0 kcal mol™)
to the calculated activation free energies appears to interact differently with the transi-

tion states for each of the two different pathways".

e The observation of pre-organisation of the enzyme active site with multiple key residues
maintaining hydrogen bonds in both open and closed states.
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1.6 Discussion of PGM narrative

Given a description of what are the key findings were each of these papers and the conclu-
sions that the authors drew from them, how do all of these pieces fit together? In discussing
the narrative some quotations are used to report directly what was said when key phenom-
ena were observed and discussed for the first time, and additionally, to try and avoid mis-
representation on potentially contentious issues. Readers are strongly encouraged to look in
the respective manuscripts for further context.

1.6.1 Pentavalent phosphorane

In (Lahiri et al., 2003), the authors state that they observe for the first time a pentavalent
phosphorane intermediate in the active site of BPGM the vast importance of which was
commented upon by the late great enzymologist Jeremy Knowles (Knowles, 2003). A re-
sponse letter from Blackburn and Williams (Blackburn et al., 2003), identified several issues
with the interpretation of the data. Key objections were difference map peaks in the electron
density, inappropriate bond lengths around the phosphorane group, and the presence of
MgF3;~ components in the crystallization conditions. This information when taken with the
precedent for MgF3~ formation in the active site of a phosphoryl transfer enzyme (Graham

et al., 2002), indicated an incorrect interpretation of the data.

A rebuttal letter by the original authors in response to the letter by Blackburn and Williams
was presented in the same journal (Allen and Dunaway-Mariano, 2003) and outlined 5 rea-
sons why their initial interpretation was correct. These reasons were: 1) Bradford protein
and Malachite Green phosphate assays indicated two phosphates present per washed en-
zyme crystal. 2) The equatorial P-O bond lengths 1.7 & 0.1 A in both the 1.2 A structure
and an additional 0.9 A structure. 3) A SAD dataset contoured at 3.5 ¢ indicated an identical
number of electrons are present at peaks corresponding to the C(1)P and C(6)P positions. 4)
Crystals of the BPGM complex are formed in crystallization solutions containing 1 mM am-
monium fluoride, and the authors assert that three times this concentration does not inhibit
catalysis by BPGM. 5) The authors cite two examples of pentavalent phosphoranes in the
literature and criticise the evidence presented in the Blackburn comment.

The presence of a MgF;™ in the active site of SPGM was supported by computational work
a year later (Webster, 2004) as well as a rationale as to how the TSA could form in the active
site of the enzyme.

In 2005 Allen and Dunaway-Mariano publish a paper titled "Chemical Confirmation of a
Pentavalent Phosphorane in Complex with S-Phosphoglucomutase” (Tremblay et al., 2005)
where BPGM crystal are grown in the presence of a-galactose 1-phosphate and 100 mM Am-
monium fluoride and 10 mM MgCl, - the conditions that had led to the previously reported
phosphorane structure. The authors observe no MgF;~ TSA and combine that observation
with a Malachite green assay to defend their initial interpretation in response to the scrutiny
from Blackburn and Williams.

In 2006 the Waltho group attempt to elucidate the phosphorane controversy by presenting
19F NMR under very similar buffer conditions to those used to grow the controversial crys-
tals. The !%F spectrum indicated three peaks that were consistent with the MgF3 group being
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present in the active site (Baxter et al., 2006). The backbone of the complex was assigned by
3D NMR, and NOE measurements demonstrated NOE transfer between the three °F peaks
and the backbone amides of several residues (D10, A115) in the active site. The only way that
this could occur is in the MgF3;™ group was in the active site, demonstrating that the species
observed was not a phosphorane species, it was infact the MgF;™ TSA predicted by Black-
burn (Blackburn et al., 2003). Kinetic inhibition of SPGM by magnesium and fluoride was
also presented here. A more detailed inhibition study of BPGM by fluoride was presented in
(Golicnik et al., 2009) and in both cases, it was observed that in the presence of Mg?*, BPGM
was inhibited by fluoride. Furthermore, the claim that a-galactose 1-phosphate does not
form a MgF3 TSA on addition of fluoride was disproved by ’F NMR in (Baxter et al., 2009).
Here the authors presented 'F NMR spectra of the TSA complex, as well as !Jyr couplings
between the fluorides of the MgF;~ TSA and the backbone amides of residue D10 and A115
which coordinate the TSA in the active site.

The final element to the narrative is the recrystallization of BPGM in the presence of mag-
nesium, fluoride, and G6P (Baxter et al., 2010), the initial buffer conditions that led to the
reported phosphorane complex in (Lahiri et al., 2003). In the 2010 study, the authors demon-
strate that MgF3™ is sufficient to explain the observed electron density in the transferring
phosphate position. These observations, coupled to the solution NMR observations effec-
tively put an end to the debate.

1.6.2 Phospho-enzyme

In (Lahiri et al., 2002b; Lahiri et al., 2002a) the authors present a structure of a reportedly
phosphorylated fPGM enzyme (phospohrylated at residue D8). The authors note that "...
no phosphate, sulfate, or similar ions were included in the crystallization solution, and thus
the assignment of the electron density to a phosphoryl group covalently linked to Asp8 is

unequivocal.”

In (Zhang et al., 2005) the authors concede that the half life of the phospho-enzyme in SPGM
is less than a minute, "Thus emerged the paradox of the aspartyl group in the structure ...".
The authors note that phosphate had not been directly added to the crystallization solution,
however the PEG 3350 stock used in the crystallization was contaminated with phosphate
as determined by Malachite Green phosphate binding assay. The authors suggest that the
resulting ca. 0.5 mM Pi in solution (in a 2:1 ratio with protein) and "Because the active site
of the crystalline enzyme is open to solvent, phosphorylation could have occurred before or
after crystallization. [due to the inorganic phosphate]"

In (Baxter et al., 2010) the authors partly addressed "the remarkable hypothesis that the pres-
ence of Pi is sufficient to cause phosphorylation of D8 before or after crystallization (Zhang
etal., 2005) ... [which could be] discounted by 31p NMR showing the absence of an aspartyl
phosphate peak in the presence of a large excess of Pi ... ". The authors go on to suggest
that "It is particularly likely that the observed density is the result of the formation of an
aluminum fluoride adduct of f-PGM.". The rationale was that "Although the crystallization
conditions reported contained no added aluminum, the levels of fluoride used (100 mM)
are sufficient to leach aluminum from laboratory glassware, as shown previously (Sternweis
and Gilman, 1982; Wittinghofer, 1997)."
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While this prediction seemed more plausible than spontaneous phosphorylation of the apo
BPGM enzyme, it ultimately proved to be incorrect. Re-refinement of the intial structure
with AlF, present in the active site was not sufficient to remove difference map peaks at the
phosphate site. [See paper 4 for details]

1.6.3 The role of the general acid-base (GAB)

Due to the energetic favourability of step 2 complexes over step 1 complexes in the overall
reaction (Fig. 1.3), the role that D10 plays as a GAB was primarily investigated using step 2
complexes in either the ground state or the transition state.

In (Lahiri et al., 2002b) the authors comment on their reportedly phosphorylated enzyme (see
previous section) that given the DXDXV /T motif present in the active site, and the proposed
phosphorylation of the first aspartate (D8) in the sequence: "This result suggests a novel
two-base mechanism for phosphoryl group transfer in a phosphorylated sugar." Namely,
they identified that D10 may play a role in phosphoryl group transfer.

In (Lahiri et al., 2003) the authors in Fig 2B through illustration indicate that a protonated
D10 sidechain carboxylate coordinates the bridging oxygen between the sugar and the pro-
posed phosphorane-intermediate complex. Thus without explicitly stating it, they suggest
that D10 plays a role as a GAB. In (Webster, 2004) the author commented on the "... concomi-
tant proton transfer from the hydroxyl group of glucose to ASP10 ..." in his QM modelling.
The author concluded by stating that "Site-directed mutagenesis studies could establish the
vital role of the conserved ASP10 residue as a proton acceptor/donor for the OH group of
glucose."

It was not until 2009 that these mutagenesis studies were performed (Dai et al., 2009) and
the authors reported that "Replacement of Asp10 with Ala, Ser, Cys, Asn, or Glu resulted in
no observable activity." In this paper, the authors concluded that "Taken together, the results
support a substrate induced-fit model of catalysis in which G1P binding to the core domain
facilitates recruitment of the general acid/base Asp10 to the catalytic site and induces cap
closure." This was the first suggestion that the transition from "out"” rotamer occupied in the
open state (with D10 oriented away from the active site), to "in" (with D10 engaged in the
active site), was correlated with global domain motion.

In (Griffin et al.,, 2012), the authors crystallize a phosphate surrogate (BeFs~) covalently
bound to D8 in ground state complexes of fPGM with and without fG1P/G6P ligand.
Here the authors observe that D10 adopts the "out" rotamer when only the BeFs~(phospho-
enzyme surrogate) is bound, and they suggest that "Such disruption of general base catalysis
should reduce the rate of hydrolysis of the phospho-enzyme resulting from the inadvertent
activation of water molecules.” Furthermore, the authors observe two step 2 complexes with
BeF3™ and G6P bound crystallographically, one with alignment of the G6P 1-OH hydroxyl
nucleophile, and one without. This indicated that the enzyme could close (although without
adopting TS geometry) without full engagement of the GAB.

In 2018 Barozzo et al. calculated the free energy of D10 and substrate-assisted catalysis in
BPGM (Barrozo et al., 2018). The EVB calculations of the authors predict that it is more ener-
getically favourable for D10 to act as a GAB, than the transferring phosphate, in a substrate-

as-base paradigm.
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Previous DFT work on the phosphoryl transfer between the phospho-enzyme and the G6P
substrate (ie. the reverse direction of the step 2 reaction) presented conflicting timings for
the proton transfer to the GAB, with some indicating “early” (Elsdsser, Dohmeier-Fischer,
and Fels, 2012), some indicating “concerted” (Kamerlin et al., 2013) and some indicating
“late” proton transfer events (Marcos, Field, and Crehuet, 2010; Webster, 2004). In the first
paper of this thesis, the authors observe that the D10N variant of SJPGM in-fact traps the
BG16BP intermediate in the active site of the enzyme, with the transferring phosphorus and
nucleophilic oxygen at Van der Waals contact distance. Trapped immediately prior to proton
transfer to the BG16BP intermediate, this variant allows a further investigation into the role
that D10 plays in catalysis. Furthermore, the authors demonstrate that it is highly likely that
the D10N variant is active, with a ca. 360 fold reduced k.t compared to wild type enzyme.

1.6.4 (Not so) standard operating procedures — Investigations of catalysis

A source of opacity in the fPGM narrative are the range of ket values (not kg values)
reported for wild type BPGM. Initial reports placed ket at 18 s~ in (Lahiri et al., 2002a) and
then again in (Lahiri et al., 2004) and (Zhang et al., 2005). However, ket jumps to 180 s lin
(Dai et al., 2006) and (Dai et al., 2009), while ket was fitted to be 65 s Lin (Golicnik et al.,
2009). Several years later ket was reported to be 8 sl (Ampaw et al., 2017), and 25 s1la
year later (Johnson et al., 2018). Given that these ket values for wild type enzyme vary by
two orders of magnitude, it is pressing to understand why:.

Initial reports of keat values in (Lahiri et al., 2004) and then again in (Zhang et al., 2005)
report taking steady state values of BG1P turnover and fitting them to Michaelis-Menten
kinetics. In this case a-glucose 1,6-(bis)phosphate (xG16BP) was used as a priming agent to
phosphorylate BPGM at residue D8. The increase in ke, in (Dai et al., 2006) and (Dai et al.,
2009) followed a change of priming agent from aG16BP (in (Lahiri et al., 2004)) to BG16BP
and the authors again fit the kinetic data to a Michaelis-Menten equation for k¢,s determina-
tion. In these subsequent cases, a coupled assay was used where the product of the reaction
(G6P) was converted to glucose 6-phospholactone by glucose 6-phosphate dehydrogenase
(G6PDH) which reduces NAD to NADH in the process. A spectrophotometer was used to
follow the formation of NADH at 340 nm.

Furthermore, [U-14C]B-glucose 1-phosphate and [U-14C]B-D-glucose 1,6- bisphosphate were
prepared in (Dai et al., 2006) and used to follow both fSG1P turnover and the dissociation and
re-orientation of fG16BP from the enzyme active site. These observations were performed
over a rapid timescale using a stopped flow apparatus and the radioactivity was determined

by liquid scintillation counting.

2009 was the first mention of the kinetic lag phase in SPGM and is in fact the first paper to
present a graph showing the formation of substrate against time (Golicnik et al., 2009). The
authors characterise the equilibration of BG1P and G6P substrates by SPGM using aG16BP
as a priming agent, while the inclusion of BG16BP as priming agent eliminates this lag phase.
The authors fit the reaction profile to a ping-pong bi-bi reaction scheme and determine a
higher kc,t value than was previously reported using «G16BP as a priming agent. The au-
thors determine that as well as the inhibition by fluoride, the initial substrate BG1P - serves
to inhibit catalysis and presents as a lag phase. It is surprising that 2009 is the first report of
this lag phase as papers in 2004 (Lahiri et al., 2004), 2005 (Zhang et al., 2005), 2006 (Dai et al.,
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2006) and 2009 (Dai et al., 2009) all report ket values derived from BPGM equilibration of
BG1P with G6P observed by spectrophotometric coupled assay. Furthermore, the third pa-
per in this thesis demonstrates that mutations to residue R49 eliminate the BG1P dependent
lag phase in BPGM. Residue R49 was predicted to play a key role in ligand recognition and
the R49A and R49K mutations were previously investigated in 2004, however, no comment
was made about any effects on the catalytic lag phase (Lahiri et al., 2004).

With AcP as a priming agent, linear regions of a range of BGIP turnover profiles were
fitted in (Johnson et al., 2018) to give ket values (Paper I). In Zhang et al., 2005 the au-
thors observe that increasing the concentration of phosphate donors, aG16BP ,x-fructose
1,6-(bis)phosphate, and AcP as a priming agents inhibits the initial velocity of the reaction,
while ATP and Pi did not either serve to activate or inhibit catalysis. The inclusion of AcP
in (Johnson et al., 2018) was to ensure that the lag phase was not dependent on the rate
of phosphorylation by the priming agent, and to be directly translatable to the structural
observations by NMR.

In conclusion, a range of techniques have been used to determine keat, from spectrophoto-
metric coupled assays, to stopped flow radioactivity assays, to direct observation by NMR
spectroscopy. While this has allowed the reaction scheme to be investigated from a multi-
tude of angles, some time dependent, and priming agent dependent elements have become
slightly obscure over time. Ultimately, the best approach it seems is to initially reduce the
bi-bi ping-pong reaction mechanism to a standard Michaelis-Menten reaction to investigate
Kcat for the reaction (this is achieved here through the use of BG16BP as a priming agent).
Following this, a more robust fit of the reaction scheme can be performed with a phospho-
rylating agent of known efficiency, which will allow for the investigation of feed-forward
and feed-back inhibitions and activations within the system. This is especially pressing as
bi-bi ping-pong reaction mechanisms are particularly susceptible to substrate inhibition of
unprimed enzymes (Cornish-Bowden, 2012).

1.7 Brief review of metal fluoride TSAs in the context of pro-

tein crystallography and NMR

Excellent reviews of the use of metal fluorides to investigate phosphoryl transfer have been
published very recently (Jin et al., 2017b; Jin, Molt, and Blackburn, 2017a) and the reader is
directed to those texts for a comprehensive overview of the field. A short summary is be
presented here that relates to the current work. Many BeF;~, MgF;~, and AlF,~ TSAs with
substrate spontaneously assemble in the active site of the enzyme, which permits crystallo-
graphic investigation. Furthermore, due both to the spin half property of the °F nucleus,
and the high gyromagnetic ratio (ca. 94% of the gyromagnetic ratio of proton), these fluorine
nuclei provide highly sensitive reporters of active site electrostatics in enzymes (Jin et al.,
2016; Jin et al., 2017a). Solvent induced isotope shift (SIIS) values can be determined for
fluorine resonances by replacing H,O in the buffer with D,O and observing the change in
chemical shift of the fluorine resonance between H,O and D,O samples. SIIS values report
on the tightness of hydrogen bonding to a particular fluoride, and can be useful in both
resonance assignment and investigation of active site structure.
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1.7.1 BeF; complexes

Beryllium forms stable complexes with fluoride ions in solution, forming several species,
including: BeF,- 2H,0, BeF; - HO, BeFﬁf. Due to the obligate tetrahedral geometry of
beryllium fluorides in solution, and the monoanionic nature of the BeF5~ moiety, BeF;™ has
been used to probe the ground state (GS) of phosphoryl transfer processes. To date >120
BeF3™ containing structures have been deposited in the PDB, with ca. 70 coordinated to an
aspartyl group or carboxylate (Fig. 1.9), and ca. 50 coordinated to the terminal phosphate
group of a nucleotide (Fig. 1.10)(Jin et al., 2017b). In both cases, water from the BeF; - HO
species in solution is displaced by either a carboxylate oxygen, or a phosphate oxygen and
the BeF3™ moiety serves as an additional phosphate. The stable nature of these phospho-
enzyme/phospho-substrate mimics permitted the investigation of near attack complexes
(NACs) in fPGM, where it was argued that two separate NACs were partially-closed en-
ergetic minima on-pathway to catalysis (See (Griffin et al., 2012) and references within). In
these cases the nucleophilic hydroxyl group was either aligned to hydrogen bond to one of
the fluorides (non-productive NAC1), or aligned to attack the beryllium atom (productive
NAC2).
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FIGURE 1.9: Comparison of aspartyl phosphate and aspartyl trifluoroberyl-
late adapted from (Jin et al., 2017b)
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FIGURE 1.10: Comparison of gamma-phosphate and phosphoryl trifluo-
roberyllate adapted from (Jin et al., 2017b)
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1.7.2 AlF; complexes

Aluminium forms stable complexes with fluoride ions in solution, forming several species,
including: AIFZ+ -4H,0, AlF3- 3H,0O, AlF, -2H,0, and AIF\%* -H,O with a fluoride concen-
tration dependence (Jin, Molt, and Blackburn, 2017a). AlF4~ adopts tetrahedral geometry,
and has been used to investigate the transition state of phosphoryl transfer reactions, when
complexed with ligand in the active site of enzymes. One of the first demonstrations of the
use of AlF,~ was the discovery that AlF; was leached out of glassware and activated small
G proteins in the presence of GDP (Sternweis and Gilman, 1982). There are ca. 100 structures
of AlF;~ complexed with nucleotides in the PDB, and ca. 15 structures complexed with a
carboxylate group (Jin et al., 2017b). The stable nature of this these complexes permitted
structural investigation of the transition state of enzyme catalysis by trapping these metal-
fluoride transition state analogues (TSAs) in the active site of enzymes. The AlF;~ moiety is
square planar, thus not isosteric with the transferring phosphoryl moiety (trigonal planar).
Furthermore, the Al-F bond is slightly longer than the native P-O bond (Jin et al., 2017b),
however, the AlF4~ group is isoelectronic with the transferring phosphoryl moiety. This
property was demonstrated to be of great importance when metal fluorides were binding to
the active site of BPGM as pH > 7.5 causes a key transition between AlF,~ and AlF3, which
is replaced by another metal fluoride moiety, magnesium trifluoride. Distinct °F chemical
shift differences between AlF;~ and MgF3~ species permit differentiation, often with sharp,
well-resolved, NMR signals that respond to SIIS investigation.
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FIGURE 1.11: Comparison of trigonal bipyramidal aspartyl phosphate and
aspartyl tetrafluoroaluminate adapted from (Jin et al., 2017b)

1.7.3 MgF;~ complexes

Magnesium does not form stable complexes with fluoride ions in water. The presence of
MgF3~ was first predicted based on magnesium-dependent fluoride-inhibition studies, and
the first observation crystallographically in a 1.8 A structure of RhoA/RhoGAP (Graham
et al,, 2002). MgF3™ is highly useful for the investigation of phosphoryl transfer as it is both
isosteric and isoelectronic with a transferring phosphoryl moiety (Fig. 1.12). However, the
MgFs~ moiety has to assemble in the active site of the enzyme (a process that may take on
the timescale of minutes (Golicnik et al., 2009)), which often leads to a reduced potency of
inhibition compared to the pre-assembled AlF,~ moiety.
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1.7.4 Other metal fluoride complexes

While anomalies such as AlF3; have been reported in the PDB, often trigonal planar moieties
are later demonstrated to be MgF3~ groups by '°F NMR (Jin et al., 2017b). In some cases
higher (or lower) metal coordinations by fluoride have been reported, thorough discussions

of these cases are presented in Jin et al., 2017b.
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Chapter 2

Theory

2.1 NMR spectroscopy

This following is based on thorough treatments of NMR theory and practice in several excel-
lent texts by James Keeler (Keeler, 2011), Jon Cavanagh ef al. (Cavanagh et al., 2007), Edward
d’Auvergne (d’Auvergne, 2006), and Bertil Halle (Halle, 2009).

21.1 Nuclear spin and magnetic moment

The nuclear spin angular momentum I of a nucleus is a quantum mechanical property of
the nucleus, and not the classical mechanical property of spin. I is a vector with magnitude
given by:

1| = [1-1? = K[ +1)]2 @.1)

where [ is the nuclear spin angular momentum quantum number and 7 is Planck’s constant

over 27T.

Nucleus [ v (Ts)™! Natural abundance (% )

TH 1/2 2.6752x10% 99.99
2H 1 4107 x107  0.012
13¢ 1/2 6.728x107  1.07
15N 1/2 -2.713x10” 037
Of 1/2 2518x10%  100.00
3lp 1/2  1.0839 x 108  100.00

TABLE 2.1: Properties of selected nuclei highly relevant to the study of bio-
logical systems. I is the nuclear spin angular momentum quantum number,
7 is the magnetogyric ratio of the nucleus.

When an external magnetic field is applied along the z-axis (eg. via a very expensive NMR
spectrometer), the Z- component of this angular momentum is given by:

L = him 2.2)

where m is the magnetic quantum number that exists as m = (-I, -I+1, ..., I-1, I ), thus I, has

2I+1 possible values. The nuclear magnetic moment y is collinear with I, as a consequence
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of the Wigner-Eckart theorem (Cavanagh et al., 2007) and the Z- component is given by:

pz = vyl = yhm (2.3)

When p is projected onto the magnetic field vector B, conventionally defined as being ap-
plied along the z-axis in the laboratory frame, the spin states become quantized with energies
proportional to their projection onto B:

E™ = yI,By = —mhvyBy (2.4)

where B is the field strength of the applied magnetic field. This results in 2I +1 equally
spaced Zeeman levels in the z-axis of the laboratory frame. At equilibrium these states are
unequally populated and the relative populations are given by the Boltzmann distribution:

N _ —Em : “Em) . 1 (;_ mhyBo
N _exp(kBT> L exp(k;_:;T) T2+ (1_ kpT @5)

m=—I

where N, is the number of spins in state m and N is the total number of spins. Energy
required to stimulate a transition between the m and m + 1 Zeeman states is given by:

AE = hvB, (2.6)

For an isolated spin 1/2 nucleus, only two nuclear spin states exist at two energy levels, «
and B, separated by AE = hyBy. When m = +1/2 this is referred to as the a state, and m
=-1/2 is referred to as the B state. If <y is positive (see Table 2.1) then the « state has lower
energy than the B, if it is negative, then the relative energies are reversed.

The larmor frequency of a nucleus is given by:
wy = *"}/Bo (2.7)

where By is the strength of the static magnetic field. The angular frequency needed to induce
a transition between Zeeman energy levels is (in rad s71):

w = % =By (2.8)

2.1.2 Chemical shift
Resonance frequency (w) at a given static field strength is given by:

w=—y(1-0)By (2.9)
where ¢ is the average isotropic shielding constant for the nucleus:

_ 011 + 022 + 033

; (2.10)

Chemical shift anisotropy (CSA) results from anisotropic shielding of a nucleus is given by:
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_ - (020 + 033)

Ao > (2.11)
where the asymmetry (7) can be defined as:
3(022 — 033)
=" 212
U A (2.12)
The chemical shift of a nucleus is given by:
QO — Oy 6
where w is the offset, and (), is the reference offset.
2.1.3 Linewidth
Equations for the absorbtion mode of a Lorentzian lineshape.
Lineshape (rad s
Ry
A =" 2.14
(@) RZ + (w— )2 @14
Peak height:
1
— 2.1
% 215)
Peak width (rad s~ 1):
W =2R (2.16)
Peak width (Hz):
Ry 1
W=—=— 2.17
T b ( )

Transverse relaxation, or R, rates are proportional to the overall correlation time of the pro-
tein, T.. This correlation time can be approximated using Stokes” law:

- 47'(17wr§’{
€ BkgT

(2.18)

Rotational correlation times in D,O are reportedly ca. 25% greater than in HyO due to a
larger viscosity of D,O (Cavanagh et al., 2007).

2.1.4 Chemical exchange

Another source of linebroadening of NMR peaks is exchange of the nucleus between two dif-
ferent chemical environments. This is termed chemical exchange and is typically modelled
as a two site exchange process:

k
A=B (2.19)
k_q
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for a two state process:

ko pa
ka ™ ps
patpp=1 (2.20)
kex = k1 +k_q
The average frequency will be population averaged according to:
WAvg = PAWA + PBWB (2.21)

If kexy << Aw then two distinct peaks will be observed (assuming Aw > FID resolution). As
kex tends towards k.y = Aw the two resonances will coalesce into a single broad peak and
as k., tends towards k. >> Aw, a single sharp peak will emerge. While many processes
conform to a two site exchange regime, higher order exchange processes can be modelled by
modification of the Bloch equations (Keeler, 2011).

2.2 NMR spin relaxation

The Schrodinger equation describes the time dependent evolution of a quantum mechanical
system:

0¥ (t) i

— =Yt 2.22

S =AY e2)

and the Hamiltonian operator of the system .7 incorporates the evolution of the system (not
necessarily in a time dependent manner). These Hamiltonian operators are ideal for mod-
elling the time evolution of the quantum mechanical spin interaction between two nuclei
such as a 'H and >N nuclei in a backbone amide, or between several 'H nuclei separated in

space.

2.21 Longitudinal dipolar relaxation of two spins

A full derivation of the Master equation for spin relaxation is beyond the scope of this
text, however an excellent treatment is presented by Goldman (Goldman, 2001), and by
Cavanagh (Cavanagh et al., 2007). For this text, a brief recap of the Solomon equations will
be given that describes the longitudinal dipolar relaxation of two coupled spins as presented
in (Keeler, 2011) if the rate constants A(") and A®) = 0 in Fig 2.1.

dl
d;’z = 7R§l>(llz — I?Z) — 0'12([22 — ISZ) (223)
dl

2 = —op(he— 1) — RP (I, — 19) (2.24)

dt
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R (1,2)
z
FIGURE 2.1: Dipolar relaxation of z-magnetization between different path-
ways of a two spin system. Blue arrows represent autorelaxation rates,
whereas the black arrows denote terms connecting the two spins. The cross
relaxation term (07;) transfers relaxation between the two nuclei.
d21,dI
o200 p(2op 1, (2.25)
dt
These rate constants simplify to:
RY = 2wV 1w, + Wy (2.26)
RP = 2w 4 W, + Wy (2.27)
012 = W2 - W() (228)
1,2 1 2
R = 2wl oW (2.29)

Where Wl(i> denotes a single quantum transition for nucleus i, W, indicates a double quan-

tum transition, and Wy denotes a zero quantum transition.

The reduced spectral density j(wj;) at the frequency of the transition between the two energy

levels is a measure of the amount of random motion at the Larmor frequency sufficient to

induce transitions between energy levels (See section 2.4.1). For dipolar relaxation between

two spins

3
Wl(l) Ebz](wm)

3
Wl(z) Ebz](wo 2)

(2.30)

(2.31)
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3.5,
Wy = ﬁbZ} (wo,1 + wop) (2.32)
1,
Wo = 55b7j(wo1 — wo2) (2:33)
b— HoY172h 234
T 43 (2.34)

Using these expressions for the various rate constants, the equations 2.26,2.27,2.28, 2.29, can

be rewritten:

3. 3. 1.
R = p? {20](‘00,1) + *10](“70,1 + wop2) + %J(WOJ - WO,Z)} (2.35)
3. 3. 1.
R =1 {20] (wo2) + 10’ (wo1 4+ wop) + 50’ (wo1 — wo,z)} (2.36)
o1 = b? —Bj(w +w )——1j(w — wpp) (2.37)
12 10/ (Wor +wo2) = 55/ (@01 — wo2 :
3. 3.
RU2) — p2 |:20](w0’1) + 20](600,2)] (2.38)

2.2.2 Transverse relaxation of two spins

There are many possible sources that contribute to the transverse relaxation rate (Ry). Typ-
ically, Ry is reflected in the lineshape of the Fourier transformed signal for a population of
spins according to Eq. 2.17. Linebroadening of a particular resonance often occurs if the
spin is undergoing a chemical exchange process with rate k.. The nature of the chemical ex-
change is described as slow exchange if k,y << A4p or fast exchange if kex >> Ap where
A 4p is the frequency difference between the two exchanging peaks in Hz.

Fluctuating internal fields also provide a source of relaxation that contributes to R, as well
as fluctuating external fields as a result of poor shimming of the magnet. Chemical shift
anisotropy (CSA) also plays a key role in relaxation in a similar way to the fluctuating in-
ternal fields , although at a different timescale. It is often appropriate to treat the shielding
tensor of NH and CH bond vectors as an axially symmetric tensor about the XH bond vector
(ie. o >0y ).

The relaxation rate constant for an axially symmetric shielding tensor is given by:

4 1.
Ry = ¢ | 55j(0) + 357(wo) (239)

1.
&:8ﬁmm (2.40)
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¢ = Bo(o) — 1) (2.41)

2.2.3 Cross correlation

Cross correlation contributes to transverse relaxation of a backbone amide N spin pair
which has significant implications to protein NMR spectroscopy. In the slow motion limit
(ie. when Ry, # R; ) the relaxation rate constants differ for each line of the 15N doublet

according to:

) 1 5. 2 5, 2 )

linel : EbZ](O) + EC%](O) + Eclbpz(COSG)](O) (2.42)
. 1, 2 .. 2 .

line2 : Eb j(0) + Eclj(o) - ﬁcleZ(cose)](O) (2.43)

where b and ¢ (for spin 1) are given by Eq. 2.34 and 2.41 respectively. P>(cosf) is the second
order Legendre polynomial given by:

P5(cos®) = = (3cos?0 — 1) (2.44)

N —

Notably, it is the different sign of the cross correlation term Zc1bP,(cos8)j(0) in line2 that
causes the cross relaxation to be subtracted from the resulting linewidth, rather than add to it
as in linel. Physically, this means that in the case of line2, the random fields from the dipolar
and CSA interactions are correlated in such a way that they cancel which gives rise to a phe-
nomenon called the "TROSY’ effect. Transverse relaxation optimised spectroscopy (TROSY)
takes advantage of this differential linewidth through line-selective transfer schemes, which
allows significant resolution enhancements and the possibility of investigating both large
and disordered proteins by NMR.

2.3 Spectral density mapping

In order to investigate high frequency dynamics in proteins (ps-ns), it is typical to perform a
combination of relaxation and NOE experiments at multiple fields to characterise the spec-
tral density function of backbone amide and sidechain methyl groups. Characterization of
the spectral density functions using this approach permits the fitting of order parameters
(S?) which describe the rigidity of a given residue on the ps-ns timescale.

2.3.1 Backbone amide relaxation

15N relaxation rate constants for 'H-'>N spin pairs can be presented in terms of their respec-

tive larmor frequencies:

Ry = (tf> B](wn) + J(wy — wn) + 6] (wh + wn)] + ] (wn) (2.45)
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Ry = (ﬁ) [47(0) + 3] (wn) + J(wh — wn) + 6] (wh) + 6] (Wi + wN)]

C2
(%) WO 3] + R @40

d2

owis = (% ) (~Tlewn = @) + 6(wn + @) 47

YH ONH
NOE = 1+ JHINH 2.48
N R 245)
d = EINTH thl\;m (2.49)

8o\
¢ = 271850 (2.50)
V3

where d is the dipolar coupling constant, and c is the CSA coupling constant. g is the
permeability of free space, ryy is the average amide bond length (1.02 A), Ac is the amide
CSA (held at -172 ppm in relax), wy and wp are the larmor frequencies at a given static
magnietic field, and J(w) is the spectral density function.

Using a reduced spectral density mapping approach, these expressions can be converted:

Tauto = Ry — 0.5R; — 0.4540ny = J(0)(3d% +4c?) /6 (2.51)
R1 — 1.2490'NH

= = 2*UNH 2.52

1(0.870wy) — SONH (2.53)

2.3.2 Sidechain deuterium relaxation

Relaxation rates for methyl groups in sidechains are given by the equations:

2
Ra(D:) = 15 (“12) [f(wp) + 4y 2wp) @)
3 (24Q\°
Ro(3D: ~2) = 5 (12} 3ytawv)) 55)

2
Ro(Dy) = — (EZE’Q) [97(0) + 15] (wp) + 6] (2wp)] (2.56)
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> 2
Ro(D:D: +D:D) = o (e ZQ) [97(0) + 3] (wp) + 6] (2wp)] (2.57)
) 2
Ro(D}) = o (e ZQ> J(wp) +2](2wp)] (2.58)

2
Where % is the quadrupolar coupling constant and wp is the deuterium resonance fre-

quency.

Spectral density functions that describe the dynamics of methyl groups have been derived
in a similar manner to those for backbone amides (Millet et al., 2002; Skrynnikov, Millet, and
Kay, 2002):
1 szch 1 2 T
S 1-= S 2.59
J() 9(1+w2TC2)+< 9 f) (1+ w?t?) (2.59)
More complex spectral density functions describing nanosecond motions similar to the tran-
sition between Equations 2.68 and 2.71 were derived:

ot T () e 250
9 (1+ w272, ) 971 ) (1+w?t?) '

2.4 Model Free Analysis

A robust explanation and derivation of both the original "Lipari-Szabo" modelfree (MF)
equation (Lipari and Szabo, 1982a; Lipari and Szabo, 1982b) and the extended MF equa-
tion by Clore and coworkers (Clore et al., 1990) are presented by Halle (Halle, 2009). A brief
description is presented here to illustrate how the internal and global tumbling of a protein
relate to the larmor frequency, and thus affect the relaxation process.

2.4.1 Global correlation time

Some preliminaries:

The Fourier transform of global correlation function (G(7)) is the spectral density, J(w). The
amount of motion at the Larmor frequency (w) is found by evaluating J(w) when w = wy.
This global correlation function can be normalized thus,

(1) = 72(‘”) (2.61)

and the Fourier transform of this reduced correlation function (g(7)) is the reduced spectral
density (j(w)).
The correlation function of a spherical top is typically defined:

G(1) = % exp (f) (2.62)

C
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The spectral density function of this spherical top is thus:

2 Te
w)=—-———"-—"—"-— 2.63
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FIGURE 2.2: Time correlation function (top) and spectral density function
(bottom) of a spherical top with varied correlation times.

If there is time scale separation between a global correlation and a local correlation, then the
correlation function for a residue is described:

G(1) = Go(1)GL(7) (2.64)

This Go is described as in 2.62, whereas the local correalation function Gy is described as:

2
GLT) = L (aul0a(0), $a(0)) Y5y (64(7), () (2:65)
mm'=—2

where Yy, (6, ) correspond the the spherical harmonics which describe the angular fluctua-
tions of the angular momentum. To derive limits of the correlation function when T = 0 and
when T = o0, G1,(0) is defined as the Legendre polynomial P, (cos6,;), where 6, is the angle
between the two interaction vectors:
a2
GL(eo) =5 3o (Yau(6a, a) Yz (s, o)) = Sh, (2.66)

mm'=—2
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Here, the modelfree parameter S, is introduced. The autocorrelation function combing both

global and local correlations is thus:

G(1) = % exp (TTC) (52 +(1—S) exp (;)) (2.67)

The Fourier transform of eq. 2.67 gives the classic Lipari-5zabo model-free spectral density

function: ) ( 2)
2 S5°1, 1-59)7,
== 2.68
J(w) 5 <(1 + w?t?) + (1 +w2762)) (2.68)
where: 1 1 1
=4 (2.69)
Te T T
7 . ;
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FIGURE 2.3: Spectral density function of a spherical protein using the mod-
elfree equation Eq. 2.68 proposed in (Lipari and Szabo, 1982a) while varying
the order parameter (top) and internal correlation time (7, ; bottom). 7. was
fixed at 16 ns in both cases. 7, was fixed at 10 ns in the first figure while s2
was varied, while $2 was fixed at 0.8 in the second figure while 7, was varied.

The original model-free approach has been expanded by Clore and co-workers (Clore et al.,
1990) to include two separate internal motions. The correlation function is thus:

G(t) = % exp (—;) <S2 +(1- szc) exp (—;) + (82 - 8?) exp (—;)) (2.70)
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The Fourier transform of this expanded correlation function gives:

2 SZTC (1 — SJZI)TE (S/ZI — SZ)TQ
Jw) =5 ((1 TR A T+ ert) @71)

With: , 1 11
4,11 2.72)
TQ TC Ts Te

2.4.2 The diffusion tensor

A perfect spherical protein has the correlation time:

1

DR 2.73)

T =
where DR is the overall tumbling coefficient. However most proteins deviate from isotropic
tumbling.

2.4.3 Diffusion as an ellipsoid

This can be modelled using the generic Brownian diffusion NMR correlation function pre-
sented by d’Auvergne (d’Auvergne and Gooley, 2006).

1 k
C(r)=¢ Y e /T (2.74)
i=—k

where the summation indexi € -2,-1, 0, 1, 2. An ellipsoid diffusion tensor can be defined by
the parameter set (5o, Za, Zr, &, B, v) where the variable k in Eq. 2.74 is equal to 2. Z;s,, Za,
9, are geometric parameters, while «, §, 7y, correspond to Euler angles that use the typical
z-y-z rotation. The geometric parameters are defined as:

1
Diso = g(-@x + @y =+ 92) (2.75)
1
.@y - @x
%= 2.77)

The five weights c; are defined as:

ca=3(f~8) (2.78)

c_1 = 35,02 (2.79)
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co = 36302 (2.80)
o1 = 3636, (2.81)
1
c2=7(f+8) (2.82)
where:
f=3(636,67) — 1 (2.83)
1
g = |(1+32) (81— 26302) + (1 - 39,) (8 — 26%62) — 2(6 — 2628}) | (2.84)

B = \/1+ 392 (2.85)

The five correlation times are:

1
—— =65y — 2T R (2.86)
T2
1
— = 6%~ Za(1+3%) (2.87)
-1
1
?O — 6‘@i50 - 9{1(1 - 3@;/) (2.88)
l =695, + 29, (2.89)
T
Tl = 6Djso + 290 R (2.90)
2

244 Model optimization

Model optimization in modelfree analysis programs such as relax (Section 3.3.5) aims to re-
duce the chi-square target function:

(2.91)

in which i is the summation index, R.y, are the experimental data, R, are the back cal-

culated data, and ¢ is the experimental error. Initially the defusion tensor is fixed while
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different local models are optimized for each residue. First models tm0 to tm9 are opti-
mized, failed models are then eliminated (d’Auvergne and Gooley, 2006) with AIC model
selection (Akaike, 1998) used to select the best model for each residue. In d’Auvergne and
Gooley, 2007, the authors demonstrate that in a standard grid search, the grid point with
the lowest x? value may be different from the local minimum. Therefore a more robust grid

search method is implemented in relax.

Once initial parameters have been optimized, the local 7, parameter is eliminated, MF pa-
rameters are held fixed, and the global diffusion parameters are optimized. Convergence
is defined in relax as obtaining identical x> values on sequential runs, although in practice,
limiting the number of iterations to 30 was sufficient to obtain convergence to several deci-
mal places. Sphere, oblate, prolate, and ellipsoid diffustion tensors are optimised using the
same iterative procedure as for the model selection above, until a universal best fit of the
data is achieved. This procedure is outlined in Fig. 2.4, adapted from the relax manual.
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FIGURE 2.4: Modelfree optimization protocol implemented in relax v.4.0.3
adapted from the relax manual pp.102. First models tm0 to tm9 are op-
timized, failed models are then eliminated (d’Auvergne and Gooley, 2006)
with AIC model selection (Akaike, 1998) used to select the best model. Once
initial parameters have been optimized, the local 7, parameter is eliminated,
MEF parameters held fixed, and the global diffusion parameters are optimized.
Convergence is defined in relax as obtaining identical x? values on sequential
runs, although in practice, limiting the number of iterations to 30 was suffi-
cient to obtain convergence to several decimal places. The universal solution
at the bottom of the optimization protocol is determined using AIC model se-
lection to select between m models for spins in each of the diffusion tensors
optimized.
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Chapter 3

Experimentation

3.1 Wet-lab practice

3.1.1 Brief overview of protein expression and purification as outlined in
Johnson et al., 2018

The pgmB gene from Lactococcus lactis together with the pgmB gene containing a number of
mutations were cloned in pET22b+ expression vectors and used to express BPGM proteins
in E. coli strain BL21(DE3). One liter cell cultures were grown to log phase in either LB
media or M9 media (with isotopic enrichments), induced with 1 mM IPTG and grown for a
further 16 h at 25 °C. Cells were harvested by centrifugation at 10,000 rpm for 10 min at 4
°C, decanted and frozen at —80 °C. Cell pellets were resuspended in ice-cold standard native
buffer (50 mM K* HEPES (pH 7.2), 5 mM MgCl,, 2 mM NaNj3) supplemented with one tablet
of cOmplete™ protease inhibitor cocktail (Roche). The cell suspension was lysed on ice by
sonication for 6 cycles of pulsation for 20 s with 60 s cooling intervals. The cell lysate was
then separated by ultracentrifugation (Beckman Coulter Avanti centrifuge) at 24,000 rpm for
35 min at 4 °C to remove insoluble matter. The cleared cell lysate was filtered using a 0.2 ym
syringe filter and loaded onto a DEAE-Sepharose fast flow ion exchange column connected
to an AKTA purification system that had been washed previously with 1 column volume
of 6 M guanidine hydrochloride (GuHCI), 1 column volume of 1 M NaOH and equilibrated
with > 2 column volumes of standard native buffer. Following extensive washing, proteins
bound to the DEAE-Sepharose column were eluted with a gradient of 0 to 100% standard
native buffer containing 0.5 M NaCl. Fractions containing SPGM were checked for purity
using SDS-PAGE, were pooled together and concentrated by Vivaspin (10 kDa MWCO).
The protein sample was filtered using a 0.2 ym syringe filter and loaded onto a prepacked
Hiload 26/60 Superdex 75 size-exclusion column connected to an AKTA purification system
that had been pre-equilibrated with filtered and degassed standard native buffer containing
1 M NaCl. BPGM eluted as a single peak and fractions containing SPGM were checked for
purity using SDS-PAGE, were pooled together, buffer exchanged into standard native buffer
and concentrated to 1 mM by Vivaspin (10 kDa MWCO) for storage as 1 ml aliquots at —20
°C. The overall yield for BPGM was ca. 60 mg protein from 1 L of bacterial culture.
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3.1.2 Reagent sourcing

The methods and reagents used thus far are outlined below. Any changes to either the

protocol, recipe or reagent source are described in the relevant section of the text.

Reagent

Source

Mili-Q deionised water

Chemical reagents

Isotopically labelled chemical reagents

SDS-PAGE resin and markers
Primers for mutagenesis
Site directed mutagenesis kit

Sartorius Arium 611VF Ultrapure Wa-
ter System

Sigma-Aldrich

Fisher Scientific

Melford

Goss Scientific Instruments Ltd.
Cambridge Isotope Laboratories Inc.
CortecNet

Bio-Rad

Eurofins Scientific

Agilent Technologies

GE Healthcare
Invitrogen or Novagen

Chromatography resins

Initial stocks of BL21(DE3), XL-blue, and XL-
gold

3.1.3 Measuring pH

For large scale buffers (generally >100 ml) the pH of the solution was determined using a
"large probe’ connected to a Russell RL150 pH meter at standard lab temperature (ca. 21 °C)
unless otherwise stated. For small scale pH determination, (eg. for NMR samples) a smaller
probe was used. The Sigma-Aldrich micro pH combination electrode was connected to a
Russell RL150 pH meter at standard lab temperature (ca. 21 °C) unless otherwise stated.
Both pH meters were calibrated to an R value > 0.93 prior to usage using Scientific Laboroa-
tory Supplies pH buffers at pH , 4.0, 7.0, and 10.0.

3.1.4 Common buffers used in protein preparation

The following buffers were made up in Mili-Q H,O and the pH was adjusted to pH 7.2 using
KOH or HCl prior to filter sterilisation.

TABLE 3.1: Standard purification buffer

Reagent Concentration
K* HEPES (pH 7.2) 50 mM

MgCl, 5mM

NaNj 2 mM
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TABLE 3.2: Standard NMR buffer

Reagent Concentration
K* HEPES (pH 7.2) 50 mM

MgCl, 5mM

NaNj 2mM

TSP 1 mM

D,O 10%

3.1.5 Generation of Chemically Competent Cells (CaCl, method) for trans-
formation

In order to isolate the single colony required to generate the chemically competent cell line, a
sterile loop was scraped across an existing glycerol stock of the desired cell line and streaked
across an LB Agar plate without antibiotics (Table 3.3). This plate was then incubated at
37 °C overnight. A single colony was picked and transferred to 5 ml of LB media in a 50
ml Falcon tube (Table 3.4) and this media was again incubated at 37 °C overnight, but at
200 rpm to optimise growth of cells. The following day, 1 ml of the starter culture was
aseptically transferred to 9 ml of fresh LB media and incubated until the ODgpp > 0.4. LB
media was used as a reference absorbance. 1 ml aliquots of this culture were then transferred
to eppendorfs and centrifuged at 13 krpm for 15 minutes in order to pellet the cells. The
supernatant was discarded and the pellets were resuspended by pipette action in 1 ml of
ice-cold 50 mM CaCl, solution and then left on ice for one hour, swirling every 20 min.
The eppendorfs were again centrifuged to pellet the cells (13 krpm for 15 minutes). The
supernatant was again discarded and the cells gently resuspended in 200 yu!1 of ice-cold CaCl,
solution containing 50% (w/v) Glycerol. These cells were then placed in the -80°C freezer
until needed.

3.1.6 Transformation

The gene for the Lactococcus lactis BPGM was cloned into the pET-22b(+) vector (Figure 3.1),
using the Ndel and Xhol restrictions sites by Dr. Nicola Baxter as described in Baxter et al.,
2006. This construct does not have a periplasmic leader sequence, nor any N- or C-terminal
tags. This construct conveys resistance to S-lactam containing antibiotics such as ampicillin
and as such, ampicillin (100 #g/ml) is routinely used as a selection marker for transformed
colonies.

1 ul of plasmid stock was routinely added (aseptically) to either BL21(DE3) or XL Blue chem-
ically competent cells (CaCl, method) for either plasmid amplification of protein overex-
pression purposes respectively. Transformed cells were incubated on ice for 15-20 minutes,
before a heat shock at 42 °C for 45 seconds, and were then returned to ice for two minutes.
1 ml of LB (without antibiotic, Table 3.4) was added to the culture and incubated at 37 °C
for 1 hour without shaking. After the incubation period, typically volumes of 50-200 ul were
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plated out on selective LB/ampicillin agar plates (Table 3.3) and incubated overnight at 37
°C to isolate successfully transformed bacteria.

TABLE 3.3: LB-agar

Reagent Concentration (g/1)
Tryptone 10

Yeast extract 5

NaCl 10

Bacto-Agar 15

The pH of the solution was adjusted to approximately 7.0 prior to sterilisation by autoclave.

TABLE 3.4: LB-media

Reagent Concentration (g/1)
Tryptone 10

Yeast extract 5

NacCl 10

The pH of the solution was adjusted to approximately 7.0 prior to sterilisation by autoclave.

3.1.7 Site Directed Mutagenesis

Site directed mutagenesis (SDM) was performed using the QuikChange II SDM kit (Agilent
technologies) and the polymerase chain reaction (PCR) was carried out using a Progene
Thermal Cycler (Techne). Primers (Eurofins) were designed using an online tool (PrimerX) to
introduce point mutations in the BPGM gene and generate BPGM variants for structural and
mechanistic investigation. These primers were then added to a reaction mixture containing
as outlined in table 3.5 below. 22 cycles of annealing, extension and melting were carried out
as illustrated in table 3.6 before 1 ul of Dpel was added as per the instructions to degrade the
methylated parental DNA, selecting only for the PCR product. 2-4 ul was then transformed
into chemically competent XL1-Blue cells. Latterly, the mutagenesis service provided by
Genscript (Hong Kong) became a viable alternative for large mutagenesis studies.

TABLE 3.5: PCR reaction mixture

Reagent Quantity
Forward primer 125 ng
Reverse primer 125 ng
Wild type plasmid 50 ng

10x reaction buffer 5ul

dNTP mix 1ul
PfuTurbo 25U
ddH20 add to 50 ul

The contents of the PCR reaction mixture, total volume =50 p1 .
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PET-22b(+) Bpu1102 I(80)

T7 promoter 361-377

T7 transcription start 360

pelB coding sequence 224-289

Multiple cloning sites / Msc |3225

(Neo I-Xho ) 158225 Dra liis251) / Beel o)
His*Tag coding sequence  140-157 Nde I(288)

T7 terminator 2672 X0a I326) g 11ia00)
lacl coding sequence 764-1843 SgrA 1(433)
pBR322 origin 3277 Sph 1(589)

bla coding sequence 4038-4895 ]
f1 origin 5027-5482

ApaB 1(798)
Sca 1(4588)
Pvu 1(4478)

Miu I(1114)
Bcl I(1128)

Pst 1(4353)

BstE 11(1295)
Bmg 1(1323)
Apa 1(1325)

Bsa I(4169

(epg1-vo) P2

BssH 1l(1525)
Hpa 1(1620)

AlwN 13631)

PshA I(1959)

BspLU11 I(3215)
Sap 1(3099)

Bst1107 I(2986)

Tth111 1(2960)

Psp5 Il(2221)
Bpu10 I(2321)

BspG I(2741)

FIGURE 3.1: pET-22b(+) Vector Map (Novagen), illustrating the location of

restriction sites, coding regions, and origins of replication and translation

(adapted from: //www.helmholtz-muenchen.de/fileadmin/PEPF/pET_
vectors/pET-22b_ map.pdf).
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TABLE 3.6: PCR cycling parameters

Segment Cycles Temperature Time

1 1 95°C 30 seconds

2 16-18  95°C 30 seconds
55°C 1 minute
68°C 6 min 30

The cycling parameters for the PCR reaction.

3.1.8 DNA sequencing and amplification

Plasmid stocks were were amplified prior to sequencing using the Miniprep protocol pro-
vided with the QIAprep Spin Miniprep Kit (Qiagen), but in the final step, the plasmid was
eluted with water instead of the provided elution buffer. Ca. 30 pl of the resultant plas-
mid stock (> 40 ng/ul ) was then sent to GATC Biotech for sequencing. The resulting
sequence data was visualised with FinchTV. Plasmid stocks were amplified in chemically
competent Escherichia coli XL1-Blue using the Miniprep protocol provided with the QIAprep
Spin Miniprep Kit (Qiagen).

3.1.9 Cell culture and labelling strategies

Following the successful transformation of the plasmid containing the BPGM gene into
chemically competent BL21(DE3) E. coli cells, a single transformant colony was selected and
inoculated aseptically into a starter culture. Depending on the labelling strategy, either 10 ml
of LB (Table 3.4) or M9 (Table 3.7, 3.8) media was used containing 100 pg/ml Ampicillin in
a 50 ml Falcon tube. This starter culture was then incubated at 37°C and 200 rpm overnight.
This starter culture was then added to a full scale culture in many cases (see labelling strate-
gies Table 3.10) supplemented with 10 /ml Ampicillin and then incubated at 37°C and 180
rpm until the ODgg reached 0.6. 1 mM IPTG was added to induce expression of SPGM
and the flasks were then shaken at 200 rpm and 25°C for ca. 16 hours. The cells were then
centrifuged in a Beckman Avanti J-25I centrifuge fitted with a JSP F500 rotor at 10 krpm for
10-15 minutes at 4°C. Cells were resuspended into a smaller volume of their growth buffer
by pipette action and transferred into a 50 ml Falcon tube. The cells were then centrifuged
at 9 krpm at room temperature (set to ca. 21 °C) for 20 mins using a Sigma 3-15 Centrifuge
giving a single pellet. The supernatant was discarded, the pellet dried and then frozen at -80
°C.
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TABLE 3.7: M9 minimal medium Step - 1

Reagent Concentration (g/1)
Nap,HPO, 6

KH,PO,4 3

NaCl 0.5

After dilution up to the desired volume with Milli-Q water (99.7% D,0), the pH of the solution was
adjusted to 7.4 (7.4) prior to sterilisation by autoclave (filter sterilization). Following autoclaving the
components outlined in Table 3.8 were added aseptically.

TABLE 3.8: M9 minimal medium Step - 2

Reagent Amount added per litre

1 M MgSQO; (autoclaved) 1000 pl

1 M CaCl; (autoclaved) 100 pl

Trace elements (autoclaved see Table 3.10) 650 pl

10 mg/ml Thiamine (filter-sterilised) 100 pl

5N Nitrogen source ((NHy)2SO4 or NH4Cl) 1g (typically in <2 ml)
Carbon source (see Table 3.10) 10 - 15 ml (20% w /v glucose)

These components were all added aseptically to the M9 buffer from Table 3.7. For labelling schemes
see table 3.10. Note that the CaCl, was always added last. When the growth was in ca. 100% D0,
stock solutions of reagents were made up in D,O to avoid the introduction of H,O into the media.

3.1.10 Sonication

The frozen cell pellet was thawed on ice and resuspended in 25 ml of standard BPGM buffer
(Table 3.1) by pipette action. One pellet of EDTA-free protease inhibitor cocktail (Protease
cOmplete, Roche) was included to inhibit protease activity during the sonication procedure.
The suspended cell culture in a 50 ml falcon tube was placed in a 200 ml beaker containing ice
water and the suspension was then sonicated using a Soniprep 150 (MSE) for 5 x 20-second
bursts at full power separated by 60 second intervals. The lysate was then transferred to a 50
ml centrifuge tube and transferred to a Beckman Avanti J-25I centrifuge fitted with a JA-25,50
rotor and spun at 24 krpm for 35 mins at 4°C. The supernatant containing soluble SPGM was
aseptically transferred to a 50 ml Falcon tube and the pellet containing the insoluble lysate
fraction discarded. This Falcon tube was kept on ice until it was transferred to the anion
exchange column in the next step of the purification protocol.

3.1.11 Purification

The anion exchange column is a positively charged column at pH 7.2 that will bind and
sufficiently retard negatively charged proteins and provide a selection method for their iso-
lation. The theoretical pI of BPGM is 4.84, consequently at a neutral pH 7.2, SPGM will
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TABLE 3.9: Trace elements

Reagent mass added to 80 ml Milli-Q wa-
ter (mg)

CaCly.2H,0 550

ZnS0O,4.7H,0 220

MnSO4.H,O 140

COC12.6H20 45

CuSO4.5H,0 40

H3BOs 40

Na2M004.2H20 26

KI 26

— pH adjusted to 8.0 using acetic acid —

EDTA 500

— pH adjusted to 8.0 using acetic acid —

FeSO,4.7H,O

— Solution made up to 100 ml using Milli-Q water and —

autoclaved

These components were all added in the order outlined above and the pH of the solution was corrected
at the points indicated.

TABLE 3.10: Labelling schemes

Scheme Carbon source (CS) Vol D,0
(ml)

15N 20% (w/v) unlabelled Glucose 15 0%

15N and 13C 20% (w/v) 13C- Glucose 10 0%

15N, TH and 13C 20% (w/v) 13C- 2H- Glucose 10 100%

These components were all added aseptically.

have a negative charge while many of the other contaminating proteins in the supernatant
post-centrifugation will not.

Cell lysate following sonication was added to a ca. 40 ml DEAE-sepharose column at room
temperature that had previously been equilibrated with > two volumes of standard purifi-
cation buffer (Table 3.1). The column was then washed with 3-5 column volumes of standard
buffer, or until the conductivity of the eluate dropped to zero (measured by the UV detec-
tor on the connected AKTAprime Plus). Bound proteins were eluted with a gradient of 0
to 100% standard BPGM buffer containing 0.5 M NaCl. The AKTAprime Plus collected 5
ml fractions and BPGM typically eluted at approx 0.2M NaCl across 50 ml and the purity
was determined using SDS-PAGE (Section 3.1.12). Fractions that contained sufficiently high
BPGM content (> 95%) were pooled and concentrated using a 10 kDa MWCO Vivaspin to a
volume of ca. 5 ml. The DEAE-sepharose column was then washed with 2 column volumes
of 1 M NaOH, 6M GuHC], and 20 % w /v Ethanol solutions.

A Superdex G75 column was used to separate the remaining proteins based on hydrody-
namic radius. The column was equilibrated with approx. 2 column volumes of standard
buffer with the addition of 1M NaCl which was used to prevent protein binding to the gel as
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the resolution of size exclusion is reliant on steady flow of solution through the column. The
concentrated impure SPGM sample from the anion exchange step was added to the column
with care being taken not to introduce air bubbles and the column was run at 1.5-2 ml/min.
5 ml fractions were collected by the AKTAprime Plus and the putative BPGM containing
fractions were assessed for purity using SDS-PAGE as outlined in section 3.1.12. The frac-
tions containing pure SPGM were pooled and buffer exchanged (> 800x dilution) back into
standard buffer without salt using a 10 kDa MWCO Vivaspin at 4.5 krpm. Final enzyme con-
centrations for storage at -20 °C were 1-1.5 mM, and the Superdex G75 column was washed

with two column volumes of 1M NaOH and 20% Ethanol solutions prior to storage.

3.1.12 SDS-PAGE

Polyacrylamide Gel Electrophoresis (PAGE) in the presence of the denaturant, Sodium Do-
decyl Sulfate (SDS) was used routinely to assess expression levels, fraction protein content
and fraction purity during the BPGM expression and purification procedures. Bio-Rad Mini-
Protean II equipment was used to run the gels. The standard gel composition was ca. 5 cm
resolving gel (Table 3.11, 3.13) to ca. 2 cm stacking gel (Table 3.12, 3.14). After setting,
the gel was removed from the casting stand, any extraneous polyacrylamide removed, and
wrapped in Mili-Q H,O saturated lab roll which was in turn wrapped in aluminium foil.
This was often refrigerated overnight to ensure complete crosslinking of the polyacrylamide

prior to use.

Samples prior to SDS-PAGE were prepared by mixing 15 ul of sample with 5 ul of 4x SDS-
PAGE loading buffer (Table 3.16). This mixture was then boiled at 95 °C for 5 minutes to
ensure protein denaturation. A prepared gel was removed from the fridge and washed
with Mili-Q H,O prior to insertion into the electrode assembly and immersion in SDS-PAGE
running buffer (see 3.15). Only 10 pl of sample was typically loaded into any well to increase
to minimise gel distortion, while the two outermost lanes were never used and the first lane

was reserved for 4 ul pre-stained marker (Bio-Rad).

The gels were run at 50 V for 10 min to load protein onto the stacking gel and then the gel
was typically run at 180 V for 45-60 min, or until the layer of Bromophenol Blue from the
loading buffer reached the end of the gel. The gel was then removed from the apparatus
and the glass plates prior to immersion in CoomasieBlue instant stain. Protein bands were

observable from 10 minutes after immersion in instant stain.

TABLE 3.11: 4X SDS-PAGE Resolving Gel Buffer

Reagent Concentration
Tris 1.5M
SDS 0.4 % (w/v)

The pH of the stacking gel buffer was adjusted to 8.8 with HCI prior to filter sterilisation.
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TABLE 3.12: 4X SDS-PAGE Stacking Gel Buffer

Reagent Concentration
Tris 0.5M
SDS 0.4 % (w/v)

The pH of the stacking gel buffer was adjusted to 6.8 with HCl prior to filter sterilisation.

TABLE 3.13: SDS-PAGE Resolving Gel (16% BisAcrylamide)

Reagent Volume added
4X SDS-PAGE Stacking Gel Buffer 2.5 ml

40% (w/v) Acrylamide/BisAcrylamide (37.5:1) 4 ml % (w/v)
Milli-Q water 3.5ml

10% (w/v) Ammonium Persulphate (APS) 100 ul
Tetramethylethyldiamine (TEMED) 10 pl

The components of the gel were added in the order outlined above and the resultant solution was
swirled to mix (avoiding excessive aeration) prior to pouring.

TABLE 3.14: SDS-PAGE Stacking Gel (4.5% BisAcrylamide)

Reagent Volume added
4X SDS-PAGE Stacking Gel Buffer 2.5ml

40% (w/v) BisAcrylamide (37.5:1) 1.125 ml % (w/v)
Milli-Q water 6.375 ml

10% (w/v) Ammonium Persulphate (APS) 110 ul
Tetramethylethyldiamine (TEMED) 11 ul

The components of the gel were added in the order outlined above and the resultant solution was
swirled to mix (avoiding excessive aeration) prior to pouring.

3.1.13 Protein concentration determination

A Varian Cary 50 Bio UV /Vis spectrophotometer was used to determine the Optical Density
at 280 nm (ODygy) for protein samples (BPGMe = 19940 L mol~! em™1). This gave the con-
centration of protein when entered into a rearranged Beer-Lambert law as illustrated in Eq.
3.1,

A = ecl (3.1)

where A is absorbance, € is the molar attenuation coefficient, ¢ is the molar concentration,
and 1 is the path length of the cuvette in cm. Ca. 50 fold dilutions of final protein con-

centrations were made for samples following purification and concentration as the optimal



3.1. Wet-lab practice

65

TABLE 3.15: SDS-PAGE Running Buffer

Reagent Concentration
Tris 25mM

SDS 0.1 % (w/v)
Glycine 250 mM

The pH of the stacking gel buffer was adjusted to 8.3 using HCL

TABLE 3.16: 4x SDS-PAGE Loading Buffer

Reagent Concentration
Tris 200 mM
Dithiothreitol (DTT) 400 mM

SDS 8% (W/vV)
Bromophenol Blue 0.4% (w/v)
Glycerol 40% (w/v)

The pH of the SDS-PAGE loading buffer was adjusted to 6.8 with HCI.

sensitivity of this technique is A=0.6.
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3.2 X-ray Crystallography

3.2.1 Overview of Crystallization techniques

Crystallization of native fPGMwt was achieved using the same conditions as described
previously (Baxter et al., 2010). The BPGMwrt protein solution was routinely mixed 1:1 with
precipitants (26-30% (w/v) PEG 4000, 200 mM sodium acetate and 100 mM Tris-HCl (pH
7.5)) and crystals were grown at 290 K by hanging-drop vapor diffusion using a 2 yL drop
suspended on a siliconized glass cover slip above a 700 uL well.

Both rod and plate shaped crystals formed after several days which were cryo-protected
in their original mother liquor containing an additional 25% (v/v) ethylene glycol prior to
plunging into liquid nitrogen. Both crystal morphologies often diffracted in the P 272;2;
spacegroup, or P 2; spacegroup with reduced symmetry. BPGMwrt and several enzyme
variants with single residue mutations all crystallized under the same conditions, producing

either one monomer in the asymmetric unit (P 212721) or two (P 2;).

For soaking experiments, native BPGM crystals were cryo-protected in their original mother
liquor containing an additional 25% (v/v) ethylene glycol together with desired soaking
molecules (eg. AcP or Pi), and were incubated for a range of timescales (30 - 180 s) prior to
plunging into liquid nitrogen.

3.2.2 Data collection, processing, and refinement

Diffraction data were collected at 100 K on the MX beamlines at the Diamond Light Source
(DLS), Oxfordshire, United Kingdom. Data were processed using the xia2 pipeline (Winter,
2010; Kabsch, 2010) with resolution cut-offs applied using CC-half values and the structures
were determined by molecular replacement with MolRep (Vagin and Teplyakov, 1997) using
previously modelled SPGM PDB structures as a search models. Model building was carried
out in COOT (Emsley et al., 2010) and either a restrained refinement with isotropic tem-
perature factors (resolution worse than 1.5A) or anisotropic temperature factors (resolutions
better than 1.5A) was performed using REFMACS5 (Murshudov, Vagin, and Dodson, 1997)
in the CCP4i suite (Winn et al., 2011). Ligands and protein modifications were not included
until the final stages of refinement to avoid biasing Fourier maps. Structure validation was
carried out in COOT and MolProbity (Chen et al., 2010), superpositions were generated us-
ing PyMOL (The PyMOL Molecular Graphics System, version 1.8/2.0 Schrodinger, LLC),
maps were generated using FFT (Read and Schierbeek, 1988) and domain movements were
calculated using DynDom (Hayward and Berendsen, 1998).

3.2.3 Modelling partial occupancy ligands into electron density in the ac-
tive site of BPGM: The case of fG16BP in PDB: 50K0

Rod shaped crystals harvested after 1 week contained predominantly SG16BP in the SPGMpion
active site, with the 6-phosphate group located in the proximal site and the 1-phosphate
group bound in the distal site (BPGMp1on:P6G1P complex). After refinement, the ratio of
2Fo-Fc density present between the 1- and 6-phosphate groups (ca. 60 and 50, respectively)
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and did not correlate with a full G16BP ligand occupancy in the fPGMp;on:P6G1P com-
plex. When modeled at a ligand occupancy of 0.8, B-factor convergence was attained be-
tween the BG16BP ligand and neighboring residues in the active site, confirming BG16BP as
the dominant ligand. Remaining difference map peaks were consistent with the presence of
a minor population of BG1P (with the 1-phosphate in the distal site) but, due to poor connec-
tivity at this resolution, BG1P was not modeled into the structure. Crystals from the same
drop with the same morphology harvested after 12 weeks contained only fG16BP bound
in the alternate orientation with the 1-phosphate group located in the proximal site and the
6-phosphate group bound in the distal site (BPGMp1on:P1G6P complex). Section adapted
from Paper I.
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3.3 NMR spectroscopy

Almost all experiments were acquired at 298 K using 0.5 - 1 mM BPGM with desired la-
belling strategies in standard NMR buffer (50 mM K* HEPES (pH 7.2), 5 mM MgCl, , 2 mM
NaNj3 with 10% (v/v) DO and 1 mM trimethylsilylpropanoic acid (TSP), Table 3.2). Due to
the availability of magnets at both Sheffield (Department of Molecular Biology and Biotech-
nology, Sheffield University (UoS)) and Manchester (Manchester Institute of Biotechnology;
(MIB)) (and periodically access to the 950 MHz at the Crick institute, London), we were for-
tunate enough to have access to magnets at multiple fields fitted with cryoprobes, which
proved to be invaluable for the investigation of backbone dynamics.

3.3.1 HNMR

'H 1D spectra were routinely acquired to assess sample condition, folding, pH and refer-
encing. The pH was determined by correlating the frequency separation of two methy-
lene HEPES peaks against a standard calibration curve determined by Dr. Clare Trevitt (in
house). 1 mM TSP was almost always included in samples to aid in the referencing of both
1D and multidimensional NMR spectra. The _ 1dpecwl pulseprogram was routinely used
in Sheffield for acquisition of 'H 1D NMR spectra (Fig. 3.2). This pulse program includes a
water presaturation pulse during D1, as well as a Hahn-echo refocusing scheme prior to ac-
quisition. Typically 64-256 scans were acquired with a spectral width of 25 ppm, centered on
the water signal at 4.7 ppm. The inter scan delay (D1) was varied from 1s - 2.5s depending

on the level of sample deuteration.

_ldpecwl
P1 P1 P2 P1
D1
1.59m 3u 3u 3u

FIGURE 3.2: The pulseprogram _ ldpecw was routinely used in Sheffield

to record 'H 1D NMR spectra. This pulse scheme features a water satura-

tion pulse during the inter scan delay, followed by a Hahn-echo refocusing

scheme. Typically the first 16 (600MHz) or 32 (800MHz) points were removed
prior to processing of the FID.

The zgesgp pulseprogram was routinely used at the MIB for acquisition of 'H 1D NMR spec-
tra (Fig. 3.3). This pulse program uses water selective 180°pulses to eliminate signal from
solvent. Typically 64-256 scans were acquired with a spectral width of 16 ppm, centered on
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the water signal at 4.7 ppm. The inter scan delay (D1) was varied from 1s - 2.5s depending
on the level of sample deuteration.

zgesgp
P1 P12:spl P2 P12:spl P2
F1 D16 D12 D16 D16 D12 D16
P16:1 P16:1 P16:2 P16:2
Z

FIGURE 3.3: 'H 1D pulseprogram zgesgp used at the MIB. P1 (90°) and P2

(180°) are hard 'H pulses applied across the full spectral width, while P12:sp1

is a shaped pulse to selectively excite water signal. Gradients were applied
along the z-axis as denoted by hollow semi-ellipses.

19 NMR

The zg pulseprogram was routinely used at the MIB for acquisition of 1°F 1D NMR spectra
(Fig. 3.4). This is a simple pulse-acquire scheme and due to the QCIF probe on the magnet
in Manchester, extraordinary sensitivity was achievable compared to RT probes. Typically
64-1024 scans were acquired with a spectral width of 120 ppm, centred at -140 ppm. The
inter scan delay (D1) was typically 1s - 1.5s.

Z9

D1
2.5s

AAA
wvy

F1

FIGURE 3.4: zg pulseprogram used to acquire °F 1D spectra at the MIB. All
narrow rectangular pulses correspond to 90 °pulses about the x-axis unless
otherwise indicated.
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31p NMR

Either zg or zgig pulseprogram used on the broadband probe at the UoS to acquire 3'P 1D
NMR spectra. The zgig pulse scheme features decoupling of a second channel during ac-
quisition, in this case that second nucleus was 'H(Fig. 3.5). Typically 64-1024 scans were
acquired with a spectral width of 40 ppm, centered at -10 ppm. The inter scan delay (D1)
was typically 1s - 1.5s for semi quantitative spectra, or up to 10s for more quantitative spectra

amenable to time dependent changes in concentration.

zgig

P1

D1

AAA
Wwvy

F1

F2

FIGURE 3.5: zgig pulseprogram used to acquire 3!P 1D spectra at the UoS

with proton decoupling during acquisition.All narrow rectangular pulses

correspond to 90°pulses about the x-axis unless otherwise indicated, the blue
rectangular pulse denotes a decoupling scheme
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3.3.2 2D NMR
1H-15N TROSY NMR

The trosyetf3gpsi.2 pulseprogram was typically used for acquisition of 'H'>’N-TROSY (Trans-

verse Relaxation Optimised SpectroscopY) 2D NMR spectra (Fig. 3.6) (Schulte-Herbriiggen

and Serensen, 2000; Czisch and Boelens, 1998; Pervushin, Wider, and Wiithrich, 1998; Meiss-

ner et al., 1998; Weigelt, 1998; Rance, Loria, and Palmer, 1999; Zhu, Kong, and Sze, 1999).

This pulse scheme uses phase sensitive Echo/Antiecho gradient selection to isolate the 'H'>N
correlation peak with the narrowest linewidth in both 'H and >N dimensions. Typically 8-

32 scans of 256 complex points were acquired with a spectral width of 16 ppm and 36 ppm

in proton and nitrogen dimensions respectively. Spectra were centred on the water signal at

4.7 ppm and the inter scan delay was varied from 1s - 2.5s depending on the level of sample

deuteration.

trosyetf3gpsi.2

P1 P2 P1 P1 P2 P1 spl P2 spl
1H
P22 P21 P22 P22 P21 P22 P21
15N
G2 G4 G6

GlGlm Z020 3 GBm m

o0

G5 G5

G2

FIGURE 3.6: 'H-'SN 2D pulseprogram trosyetf3gpsi.2 used at the UoS. All

narrow (wide hollow) rectangular pulses correspond to 90°(180° pulses

about the x-axis unless otherwise indicated. Non-rectangular pulses indi-

cate shaped pulses while blue rectangular pulses denote decoupling schemes.

Gradients were applied (often in pairs) along the z-axis as denoted by the hol-
low semi-ellipses.

1H-13C HSQC NMR for stereoassignment

The _ chsqcali3i pulseprogram was used for acquisition of 'H'3C-HSQC (Heteronuclear Sin-
gle Quantum Coherence) 2D NMR spectra (Fig. 3.6). This pulse scheme uses a phase sen-

sitive States-TPPI to isolate a 'H-'3C correlation peak via a double inept method. This is a
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constant time version of the pulse scheme with carbon decoupling during acquisition. Typ-
ically 8 scans of 736 complex points were acquired with a spectral width of 12.5 ppm and
69 ppm in proton and carbon dimensions respectively. Spectra were centred on the water
signal at 4.7 ppm and the inter scan delay was typically 1s.

chsqcali3i
P1 P2 p28P1 P2 P1 P2 Pl
o) = P22 =)
1H
P4 PBN\ P4 /Vt\
13C Q3.1000 Q3. 100
G3
Gl G1 m m sz G(\Z
Z

FIGURE 3.7: 'H-'3C 2D pulseprogram chsqcali3i used in Sheffield. All

narrow (wide hollow) rectangular pulses correspond to 90°(180° pulses

about the x-axis unless otherwise indicated. Non-rectangular pulses indi-

cate shaped pulses while blue rectangular pulses denote decoupling schemes.

Gradients were applied (often in pairs) along the z-axis as denoted by the hol-
low semi-ellipses.

3.3.3 3D NMR
Acquisition of backbone assignment spectra

Backbone assignment spectra for triple labelled (*H'3C!°N, back exchanged into H,O) pro-
tein samples were either acquired without non-uniform sampling (NUS) in Sheffield or with
NUS in Manchester on their respective 800 MHz magnets. Backbone assignment spectra
without NUS were processed in Felix (Felix NMR, Inc) and assigned using the asstools suite
of programs (Reed et al., 2003). Backbone assignment spectra with NUS were acquired us-
ing a multi dimensional Poisson Gap scheduling strategy with exponential weighting (Hy-
berts, Robson, and Wagner, 2013). NUS data were either reconstructed using TopSpin3 and
multidimensional decomposition (Hyberts et al., 2012), or a command line based IST re-
construction (Hyberts et al., 2012) and processing in NMRPipe (Delaglio et al., 1995). The
standard suite of 6 experiments were routinely recorded for protein backbone assignment,
namely; HNCO, HN{CA}CO, HNCA, HN{CO}CA, HNCACB, HN{CO}CACB experiments.
All programs were the TROSY based variants from the standard Bruker library, with mini-

mal alteration.
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3.3.4 pseudo-3D NMR

NMR Relaxation Measurements for 15N fast timescale relaxation were performed using
ZH'>N-labelled BPGM enzyme in 5mm Shigemi D,O matched tubes. Samples were recorded
in standard NMR buffer with the addition of metal fluorides and ligands where necessary.
Experiments were acquired using: (deep breath) a Bruker 600 MHz Avance DRX spectrome-
ter equipped with a 5-mm TXI cryoprobe and z-axis gradients (Sheffield), a Bruker 600 MHz
Avance III spectrometer equipped with a 5-mm TCI cryoprobe and z-axis gradients (Manch-
ester), a Bruker 800 MHz Avance spectrometer equipped with a 5-mm TXI probe and z-axis
gradients (Sheffield), a Bruker 800 MHz Avance III spectrometer equipped with a 5-mm TCI
probe and z-axis gradients (Manchester) and a 950MHz Avance III spectrometer equipped
with a TCI probe and z-axis gradients (Mill Hill).

TH-15N R;, R1p, HetNOE relaxation rates determination

I5N relaxation rates were determined in perdeuterated, amide-protonated proteins using a
TROSY 'H detection scheme (Fig 3.8). Fig 3.8a illustrates the scheme for determination of
15N Ry parameters. Substitution of the red bracketed block with that in 3.8b converts the
experiment to a Ry, experiment. Fig 3.8c illustrates the I5N-{'H} NOE pulseprogram. The
shaped low power 'H pulses correspond to the center lobe of a (sinx)/x function in order to
return the water magnetization to z prior to detection. Gradients: GO, G1, G2, G3, and G9
are rectangular shaped, whereas G5, G4, G6, G7, and G8 are sine-bell shaped.

Quadrature detection is implemented using the Rance-Kay echo/anti-echo scheme (Kay,
Keifer, and Saarinen, 1992). 13C 180°pulses eliminate I5N-13C cross correlations in samples
that include 3C labelling. Temperature compensation is achieved by the inclusion of a °N
temperature compensation pulse (Wang1993) that corresponds to the longest spin-lock time
and RF power of the Ry, experiment immediately following data acquisition. The 90°15N
pulse (red) preceding this temperature compensation pulse eliminates °N-z magnetization,
transferred from 'H to 1®N by the TROSY readout scheme (Favier and Brutscher, 2011). In
b, the triangle shaped pulses immediately preceding and following the spin-lock period are
adiabatic half passage (AHP) pulses (Mulder et al., 1998) of a tangent hyperbolic tangent
(tanh/tan) adiabatic inversion pulse. In ¢, 'H saturation is achieved by n repetitions of the
symmetric (A-180°A) unit (Ferrage et al., 2010), with the 1H carrier switched to 8.6 ppm,

after saturation, the 'H carrier is switched back to the H,O resonance.

1H Relaxation dispersion

'H relaxation dispersion rates were determined in perdeuterated, amide-protonated pro-
teins using a HSQC 'H detection scheme (Fig 3.9) written by Kenji Sugase (Sugase et al.,
2007), but with the inclusion of a square pulse during the CPMG period rather than a se-
lective Reburp.1000. This pulse scheme observes a 'H-13C correlation peak via a double
inept method separated by two separate CPMG trains (Carr-Purcell-Meiboom-Gill) about
the y and x axes (Carr and Purcell, 1954; Meiboom and Gill, 1958). A watergate sequence
is included at the end of the sequence with water flip-back pulses (P29) to suppress solvent
signal. A constant time of 80 ms is used for the CPMG blocks, with the number of 180°pulses
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FIGURE 3.8: 'H!>N Backbone relaxation pulseprograms used in Sheffield,
adapted from (Lakomek, Ying, and Bax, 2012). (a) A R; experiment that fol-
lowing the replacement of the red bracketed region becomes a R, exper-
iment (b). The HetNOE experiment is depicted in (c). All narrow (wide)
rectangular pulses correspond to 90°(180° pulses about the x-axis unless oth-
erwise indicated. The rectangular low amplitude 'H pulses correspond to
low power square pulses, whereas shaped low-power pulses correspond to
the center of a (sinx)/x function. In b the triangle shaped pulses immediately
preceding and following the spin-lock period are adiabatic half-passage of a
tangent hyperbolic tangent (tanh/tan) adiabatic inversion pulses.

given by the loop L4 within that period. Typically 16 scans of 256 complex points were ac-
quired with a spectral width of 15 ppm and 34 ppm in proton and nitrogen dimensions
respectively. Spectra were centred on the water signal at 4.7 ppm and the inter scan delay
was typically 3.5s.

2H-13

C Ry and Ry,

Measurement of both T1p(I;C;Dy) or T1(I.C.D;) values in BCH,D spin systems was per-
formed on Varian spectrometers in Lund using pulse schemes adapted from (Muhandiram
etal., 1995) (3.10). These pulse schemes use a double inept HSQC method to isolate a IH-13¢C
correlation peak of residues [A,I,L,M,T,V] with quadrature detection achieved using a phase
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FIGURE 3.9: Backbone amide relaxation dispersion experiment ks_ HNctR2_

sq for IHrelaxation used in Sheffield. All narrow (wide hollow) rectangular

pulses correspond to 90°(180° pulses about the x-axis unless otherwise indi-

cated. Non-rectangular pulses indicate shaped pulses while blue rectangular

pulses denote decoupling schemes. Gradients were applied (often in pairs)
along the z-axis as denoted by the hollow semi-ellipses.

sensitive States-TPPL. This 'H-13C correlation of a sidechain methyl group is encoded with
either T1 or T1p relaxation properties of the associated H atom depending on the pulse
scheme chosen. Carrier frequencies were typically centred at 4.7, 20.0, and 0.8 ppm for 'H,
13C, and ?H, respectively and a 1.05-kHz 2 H spin-lock field (SLy) was typically used in the
T1p experiment. Solvent suppression was achieved using gradient dephasing (gradients g3,
g4, g5, g6, and g7).

2H-13C Dz? and 2H-13C DxDz

Measurement of both R2(3D? — 2) and R9(D. D, + D.D.) rates in '*CH,D spin systems
was performed on Varian spectrometers at the Center for Molecular Protein Science (CMPS)
at Lund university (Sweden) using pulse schemes adapted from (Millet et al., 2002) (Fig.
3.11).These pulse schemes use a double inept HSQC method to isolate a 'H-'3C correlation
peak of residues [A,I,L,M,T, V] with quadrature detection achieved using a phase sensitive
States-TPPL. Blocks A and B are in serted into the scheme for measurement of R2(3D?2) and
RQ(3D2 —2), while either block C or D can be inserted for the measurement of R2 (D D, +
D.D. ). Carrier frequencies were typically centred at 4.7, 20.0, and 0.8 ppm for 1H, 13C, and
2H, respectively.

Acquisition of backbone relaxation data

Spin-lattice 15N relaxation rates (R1), rotating frame 15N relaxation rates (R1p) and heteronu-
clear steady-state >N-{'H} NOE (HetNOE) values were obtained using interleaved TROSY-
readout pulse sequences (Lakomek, Ying, and Bax, 2012). Temperature compensation was
applied in the R; experiment by incorporating a spin-lock pulse placed off resonsnce in the

inter-scan delay, equal to the longest spin-lock time and the RF power of the Ry, experiment.
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FIGURE 3.10: Pulseprograms for the measurment of sidechain '*CH,D R;

and Ry, relaxation rates used in Lund. All narrow (wide hollow) rectangular

pulses correspond to 90°(180° pulses about the x-axis unless otherwise indi-

cated. Non-rectangular pulses indicate shaped pulses while blue rectangular

pulses denote decoupling schemes. Gradients were applied (often in pairs)
along the z-axis as denoted by the hollow semi-ellipses.

Relaxation delays of 0, 80, 240, 400, 400, 640, 800, 1200, 1760, and 2400 ms were typically used
to calculate R, and delays of 1, 20, 20, 30, 40, 60, 90, 110, 150, and 200 ms were used to cal-
culate Rlp at 600 MHz and 800 MHz for both complexes. Relaxation delays of 20, 40, 80,
240, 400, 640, 800, 1200, 1200, 1760, 2400, 3200, 4800, 6400, ms were used to calculate R, and
delays of 1, 5, 5, 10, 15, 20, 20, 40, 60, 90, 110, 140, 160, 200 ms were used to calculate Ry,
were used at 950MHz. Delay times were guided by the optimal sampling of an exponential
decay reported by Jones (Jones et al., 1996). The inter scan delay was 3.5 s and the strength of
the RF spin-lock field during Ry, measurement was 1400 Hz at 600MHz, 1866.7 at 800MHz,
and 1500 HZ at 950MHz. For the HetNOE measurement, two interleaved experiments were
acquired with relaxation delays of 10s.

Experiments were processed in NMRpipe (Delaglio et al., 1995) using a squared sine bell
window function, without linear prediction in either dimension. R; and R, values were de-
termined in PINT (Ahlner et al., 2013; Niklasson et al., 2017) by fitting the integral of the
assigned peak to a decaying exponential function across the relaxation series. Rj values
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FIGURE 3.11: Pulseprograms for the measurment of sidechain 3CH,D
RQ(3D? —2) and RQ(D D, + D, D) relaxation rates used in Lund, adapted
from Millet et al., 2002. All narrow (wide) rectangular pulses correspond to
90°(180° pulses about the x-axis unless otherwise indicated. Empty narrow
rectangular pulses in blocks C and D have flip angles of 45° ' H pulses are cen-
tered at 1 ppm prior to point g at chich point the carrier frequency is changed
to 4.7 ppm. For a detailed description of the pulse scheme, see (Millet et al.,
2002)

were calculated in PINT from fitted Ry and Ry, values using the relationship in Eq. 3.2. Het-
NOE values were also fitted in PINT by calculating the difference in peak integral between
saturated and unsaturated spectra, with noise determined from the spectral floor.

Rlp R4
R2= —+ — —— 3.2
sin20  tan?0 (3.2)

Acquisition of sidechain relaxation data

Single and multiple quantum ?H relaxation rates were recorded on 500MHz and 600MHz
Varian spectrometers at Lund university. Linear sampling of decay profiles was used (Jones
et al., 1996) with delay times of 0.0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08, 0.1, and 0.03 s for
both R; and R(3D? — 2) and experiments. Delay times of 0.0, 0.002, 0.004, 0.006, 0.008,
0.01, 0.013, 0.016, 0.02, and 0.004 s were used for R, and RQ(D+DZ + DD, ) experiments.
Experiments were processed in NMRpipe (Delaglio et al., 1995) using a squared sine bell
window function, without linear prediction in either dimension. Ry , Ry , R(3D? — 2) and
R(D, D, + D,D. ) values were determined in PINT (Ahlner et al., 2013; Niklasson et al.,
2017) by fitting the integral of the assigned peak to a decaying exponential function across

the relaxation series.
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Acquisition of backbone relaxation dispersion data

Experiments were processed in NMRpipe (Delaglio et al., 1995) using a squared sine bell
window function, without linear prediction in either dimension. RD values were deter-
mined in PINT by fitting the integral of the assigned peak across the relaxation series to the
Bloch - McConnell equations (Ahlner et al., 2013; Niklasson et al., 2017).

Relaxation dispersion (RD) experiments of backbone amide protons in perdeuterated, amide-
protonated samples in standard NMR buffer were performed in Sheffield using the pulse
program outlined in Fig. 3.9 (Sugase et al., 2007). The L2 parameter (L4 = L2 x 2) was varied
across an experiment series: 0, 16, 1, 24, 5, 80, 2, 60, 3, 40, 8, 1, 80, 5, 40, 16, 30, 12, 70, 10,
sampling exchange processes up to 2 kHz. Several duplicate experiments were recorded for
jacknife error approximation in PINT. Interleaving of fids was not implemented during the
data acquisition, nor was a temperature compensation block as the proton decoupling was
likely to introduce minimal sample heating. However 2D spectra were roughly interleaved
in that experiments with high and low L2 values (for the number of CPMG cycles) were im-
mediately juxtaposed in an attempt to reduce sample heating over time. Experiments were
processed in NMRpipe (Delaglio et al., 1995) using a squared sine bell window function,
without linear prediction in either dimension. RD values were determined in PINT (Ahlner
et al.,, 2013; Niklasson et al., 2017) by fitting the integral of the assigned peak to the standard
Bloch - McConnell equations across the relaxation series

3.3.5 Modelfree analysis - Backbone amides

Modelfree (MF) analysis (Lipari and Szabo, 1982a; Lipari and Szabo, 1982b; Halle, 2009)
was performed using relax (d’Auvergne and Gooley, 2003; d’Auvergne and Gooley, 2006;
d’Auvergne and Gooley, 2007; d’Auvergne and Gooley, 2007; d’Auvergne and Gooley, 2008;
Bieri, d’Auvergne, and Gooley, 2011). Ry, Ry,, with parallelization achieved using mpidpy
(Dalcin, Paz, and Storti, 2005; Dalcin et al., 2008; Dalcin et al., 2011). HetNOE values were
used with backbone amide coordinate geometry provided by corresponding crystal struc-
tures to the complex under investigation. Model free analysis was performed both with and
without the extended MF formula presented by Clore and co-workers (Clore et al., 1990)),
and the resulting fits were assessed using Akaike’s Information Criterion (AIC) (Akaike,
1998). The resulting ellipsiodal diffusion tensors closely matched the geometry of the in-
put crystal structures, and global correlation times reflected those obtained from single-field
analysis using ROTDIF from the Fushman lab (Fushman, Xu, and Cowburn, 1999; Varadan
et al., 2002; Fushman et al., 2004; Walker, Varadan, and Fushman, 2004). Consistency test-
ing of multiple field data was performed using python scripts presented in Morin and M.
Gagné, 2009 which utilize relax.

3.3.6 Modelfree analysis - Sidechain methyls

MF analysis of sidechain methyl groups was performed as outlined in Skrynnikov, Millet,
and Kay, 2002, with consistency testing performed using in-house python scripts. CH vec-
tors were extracted from the same PDB files as used for the backbone amide MF analy-
sis. Model selection and parameter selection was performed using in-house (Lund) Matlab
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scripts using the three LS models presented in (Skrynnikov, Millet, and Kay, 2002).
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Chapter 4

Results and Discussion

4.1 Paper I: van der Waals contact between nucleophile and
transferring phosphorus is insufficient to achieve enzyme

transition state architecture.

Just over a decade ago, a breakthrough paper (Lahiri et al., 2003) was published purport-
edly showing a phosphate group being “caught in the act” of being transferred between
substrate and enzyme. The paper stimulated the late, great enzymologist, Jeremy Knowles,
to write a Perspectives article entitled “Seeing is Believing” (Knowles, 2003), heralding that
models of enzymes catalyzing these central processes of all life now had both theoretical
and experimental support. Careful re-examination of the experiment by our group (Baxter
et al., 2006; Baxter et al., 2010) established that the enzyme in question, BPGM, had in fact
tricked the experimentalists by synthesizing in the active site what was at the time a highly
unusual (Lahiri et al., 2003) transition state analogue (MgFs) from the components of the
crystallization buffer. However, the discovery of MgF; spawned a whole new field of ex-
amination of trifluoromagnesate complexes in the literature (recently reviewed in (Jin, Molt,
and Blackburn, 2017b) and (Jin et al., 2017b)), but left the original breakthrough unsatisfied.

In this study a fPGM variant with a constitutively protonated general acid-base is shown to
self-synthesise complexes that contain the native reaction intermediate but are arrested in the
course of phosphoryl transfer. The complexes have everything in place for catalysis except
that the enzyme will not release a proton to the substrate and, thereby, are truly “caught in
the act” of phosphoryl transfer. These new complexes of BPGM detect two hitherto uniden-
tified facets of enzyme catalysis. Firstly, the enzyme will not make the conformation it uses
to stabilize the transition state until it forces the nucleophile (oxygen) well inside the van
der Waals radius of the electrophile (phosphorus). This demonstrates the vital interplay be-
tween the preferences of the protein and the preferences of the reacting atoms. Secondly,
the enzyme will not appropriately coordinate the essential Mg?* ion, which is present in
virtually all enzymes that transfer phosphoryl groups (kinases, phosphatases, ATPases, G-
proteins, polymerases, nucleases, etc.) until, again, it forces the nucleophile well inside the
van der Waals radius of the electrophile. This directly shows that the enzyme is using metal
ion coordination to complement only the transition state, at the expense of ground states
that are structurally very similar. While currently focusing on BPGM, the study opens up
the opportunity to investigate a wide range of phosphoryl transfer enzymes in their native

reaction complexes.



84 Chapter 4. Results and Discussion

In summary, this study provides long-sought experimental insight into enzyme-catalysed
phosphoryl transfer reactions, prematurely heralded in 2003. It illustrates to the field two
primary mechanisms by which these enzymes discriminate between the transition state
(binding it tightly enough to have a sufficiently fast chemical step) and reactants (binding it
weakly enough that it does not dissociate too slowly). This is an especially difficult problem
for phosphoryl transfer enzymes owing to the inherent stability of the substrates. The study
also provides the field with the first experimental verification of the long-standing argu-
ment regarding the role of proton transfer in catalysis by this vitally important superfamily
of enzymes. This in turn enables the field to determine the validity of the multitude of the-
oretical models purporting to rationalize the incredible levels of catalysis by these enzymes.
Finally, the study brings into focus the credibility of conclusions derived from theoretical
approaches to modelling any enzyme reaction, since the associated conformational changes

observed here are not normally accommodated in the models.

Section adapted from the letter to the editor on ACS manuscript submission (Johnson et al.,
2018).



4.2. Paper II: X-ray, NMR and QM approaches reveal the relationship between protein
conformational change, proton transtfer, and phosphoryl transfer in an archetypal enzyme

4.2 Paper II: X-ray, NMR and QM approaches reveal the re-
lationship between protein conformational change, pro-
ton transfer, and phosphoryl transfer in an archetypal en-

zyme

Molecular details for the timing and role of proton transfer in phosphoryl transfer reactions
are poorly understood. Using a combination of NMR, X-ray crystallography and DFT ap-
proaches, we characterize pre- and post- proton transfer models of a phosphoryl transfer
reaction in the archetypal phosphoryl transfer enzyme BPGM. We observe that the ionic
nature of the AlF,~ TSA may be highly useful in the investigation of proton transfer in phor-
phoryl transfer enzymes as out-of-plane distortion of the central Al** ion closely correlates
with proton timing across the reaction coordinate. Backbone order parameters (ps-ns rigid-
ity measurement) were used to guide QM model generation and residue truncation in pre-
and post- proton transfer TSA models. The TS model displays a key contribution of this
proton transfer to/from the GAB on the charge distribution within the transferring group,
and consequently, the electrostatic interactions with surrounding residues in the active site.
Given the free energy profile of the reaction, the GS of the reaction indicates that a high de-
gree of proton transfer has already occurred to substrate which is closely reflected in '°F and
X-ray crystallographic observations which may further empower the use of 1F NMR in the
investigation of phosphoryl transfer reactions.

The negative charge on phosphate monoesters provides a strong repulsion to potential at-
tacking nucleophiles, which contributes to these compounds being extremely inert in aque-
ous solution but labile in the active sites of phosphoryl transfer enzymes (Lad, Williams,
and Wolfenden, 2003). Some phosphoryl transfer enzymes populate near attack complexes
(NACs) in which the attacking hydroxyl group hydrogen bonds with the transferring phos-
phate group in a nonproductive orientation (Griffin et al., 2012; Jin et al., 2017b; Jin, Molt,
and Blackburn, 2017a). The residue that provides general acid-base (GAB) catalysis is uti-
lized not only to activate the hydroxyl group for nucleophilic attack of the target phosphate
group, but also to stimulate the alignment of the nucleophilic oxygen atom with the phos-
phorus atom. Structural investigations of near transition state (TS) species have made use
of both MgF3;™ and AlF,~ as transition state analogues (TSAs) that mimic the transferring
phosphate group, as they are both reportedly planar, and have a net single negative charge
when complexed with substrate in the enzyme active site (Baxter et al., 2008; Cliff et al.,
2010; Jin et al., 2014; Jin et al., 2017b; Jin, Molt, and Blackburn, 2017a). The TSA structures
have indicated that the engagement of GAB residues is concurrent with phosphoryl group
transfer (Dai et al., 2009; Baxter et al., 2010; Griffin et al., 2012; Johnson et al., 2018). How-
ever, controversy remains as to the timing of proton transfer associated with GAB catalysis
meaning that any interpretation of the mechanism and the energy barrier of the chemical
step is unreliable. An archetypal phosphoryl transfer enzyme that utilizes GAB catalysis
for the attack of a phosphate by a hydroxyl group is B-phosphoglucomutase (3PGM) [EC
5.4.2.6], which catalyzes the reversible isomerization of B-glucose 1-phosphate (8G1P) and
glucose 6-phosphate (G6P) via a S-glucose 1,6-bisphosphate (3G16BP) intermediate, and has
been well characterized enzymatically and structurally. Previous computational studies on
the phosphoryl transfer between fG16BP and residue D8 of BPGM (generating G6P), have
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presented conflicting timings for the proton transfer associated with the GAB residue (D10).
Analyzing the trajectories in the direction of phosphoryl group transfer from fG16BP to DS,
these studies range in prediction from “early” (Webster, 2004; Marcos, Field, and Crehuet,
2010), through “concerted” (Barrozo et al., 2018), to “late” (Elsdsser, Dohmeier-Fischer, and
Fels, 2012) proton transfer events, with predicted barrier heights ranging from 14 to 64 k]
mol L.

Mutation of the GAB residue in BPGM to a constitutively protonated mimic (Asn) was
found to trap a ground state analog (GSA) complex in which the phosphorus atom of the
1-phosphate group of BG16BP is at van der Waals contact distance from the nucleophilic
carboxylate oxygen of D8 (Paper I; (Johnson et al., 2018)). This observation demonstrated
that without proton transfer from the GAB to the bridging oxygen of pG16BP, the phos-
phate group prefers to remain associated with fG16BP. This is consistent with an “early”
proton transfer step during phosphorylation of D8 by fG16BP, and suggests that the N10
variant provides a good model of the pre-proton-transfer state. However, in order to de-
termine whether the GAB proton is likely to be transferred before the peak of the energy
barrier in the native reaction, a post-proton-transfer model is also desirable. In this report,
we establish that the metal fluoride complex of WT BPGM with G6P provides a suitable
post-proton-transfer model and the equivalent complex of the D10N variant is a directly
comparable model of the pre-proton-transfer state. While the metal fluorides act as surro-
gates for transferring phosphoryl groups in the transition state, they have reduced atomic
charges and little covalency in their bonding (Griffin et al., 2012; Jin et al., 2017b; Jin, Molt,
and Blackburn, 2017a). Correspondingly, they are shown to report on the electronic distribu-
tion within the active site pre- and post- proton-transfer, since they distort their geometry in
line with the preferred positions of the phosphorus atom in each scenario. In parallel, solu-
tion NMR methods are used to calibrate DFT calculations to generate reliable models of the
reaction trajectory for phosphoryl transfer. Collectively, these studies establish the timing of
proton transfer in this reaction using a novel approach that is applicable to other phosphoryl
transfer enzymes that rely on GAB catalysis.

The manuscript concludes that, the experimental X-ray structures and NMR measurements,
in combination with QM models and their partitioning into atomic basins, all point towards
a synergy between proton transfer from the GAB residue to the bridging oxygen of the phos-
phate group and the early stages of phosphoryl group dissociation. Both of these processes
are assisted by the transition of the protein conformation between that poised by the Asp to
Asn mutation of the GAB residue in the G16BP complex and that adopted to stabilise the
transition state in the metal fluoride TSA complexes. The data collectively also show that
the distortion of the predominantly ionic metal fluoride TSA moieties can be used to report
on the relative charges, in situ within the enzyme while in the near-TS conformation, of the
axial oxygens that constitute the nucleophile and the leaving group for the reaction. 1°F
NMR measurements, previously proposed as simple reporters of the electronic environment
of the equatorial phosphate oxygens in phosphoryl transfer reactions(Jin et al., 2016; Jin et
al., 2017a), can also be used in combination with QM models to corroborate the protonation
state of the nucleophile and the leaving group oxygen atoms in the TSA complexes, thereby
validating the reliability of the QM model. These data further establish that mutation of
the GAB residue from Asp to Asn serves as a good model of the pre-proton transfer state
(when considering phosphoryl transfer from BG16BP to BPGM) and that the corresponding
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WT complexes serve as a good post-proton-transfer model in a GAB catalyzed phosphoryl

transfer reaction.
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4.3 PaperIIl: Arg - phosphate interaction in S-phosphoglucomutase

improves substrate affinity, but introduces inhibition

Under biological conditions, phospho mono- (R-P-O-R) and di-ester (R-O-P-O-R) bonds
have half-lives of millions of years (Lad, Williams, and Wolfenden, 2003). This inherent sta-
bility is essential to ensure the high-fidelity storage of our genetic information within DNA.
However, many core biological processes, including DNA processing, metabolic cycles and
cell signaling, depend on the efficient transfer of phosphate groups between metabolites, re-
quiring an enzyme catalyst that can break these inert bonds. Phosphoryl transfer enzymes
have evolved with some of the largest rate accelerations known to biology, with typical cat-
alytic rate enhancements (kcat/Knon) of 10%! (Lad, Williams, and Wolfenden, 2003; Lassila,
Zalatan, and Herschlag, 2011; Kamerlin et al., 2013). Phosphoglucomutase enzymes are
one class of phosphoryl transfer enzymes, found in both prokaryotes and eukaryotes, that
reversibly produce glucose 6-phosphate, an important precursor for glycolysis and energy
production in cells. B-phosphoglucomutase (BPGM) [EC. 5.4.2.6] from Lactococcus lactis is
a well-characterized (Lahiri et al., 2004; Zhang et al., 2005; Dai et al., 2006; Baxter et al.,
2006; Baxter et al., 2008; Baxter et al., 2010; Jin et al., 2014; Johnson et al., 2018) magnesium-
dependent phosphoryl transfer enzyme, which catalyzes the reversible isomerization of -
glucose 1-phosphate (BG1P) to glucose 6-phosphate (G6P) via a S-glucose 1,6-bisphosphate
(BG16BP) intermediate using a ping-pong bi-bi reaction mechanism (Dai et al., 2006). As
part of this mutase reaction, the enzyme adopts two different catalytically competent states,
the substrate-free state and the phospho-enzyme state (BPGM", phosphorylated at residue
D8), which have different substrate specificities. The active site of BPGM is located at the
interface between the helical cap domain (T16-V87) and the a /3 core domain (M1-D15, S88-
K216) and opening and closing of the cap domain relative to the core domain occurs during
the catalytic cycle. The active site contains a magnesium(Il) ion binding site and two phos-
phate binding sites. One phosphate binding site, termed the proximal site, is adjacent to the
Mg?* ion at the catalytic center, while the other phosphate binding site, termed the distal site,
is ca. 10 A removed from the catalytic center. The distal phosphate binding site has a role in
anchoring ligands in the active site via interactions with several conserved residues (5116,
K117, R49), together forming a positive electrostatic region in the substrate-free enzyme. The
interplay between the two phosphate binding sites allows BPGM to bind substrates, inter-
mediates and products in two orientations to facilitate mutase activity - the ability to both
transfer and remove a phosphate from a substrate using the same active site residues.

Kinetic characterization of the fPGM-catalyzed conversion of BG1P to G6P using a spec-
trophotometric coupled assay has previously identified a lag-phase prior to steady-state
catalysis resulting from two components (Golicnik et al., 2009). The first component is a
chemical equilibration, where it was modelled that catalysis was retarded until sufficient
BG16BP intermediate was generated to efficiently prime the enzyme for catalysis (by phos-
phorylation of residue D8). This is termed the fG1P-independent component of the lag-
phase herein. The second component was modelled as fG1P binding to un-phosphorylated
BPGM with a K of (122 £ 8 uM (Golicnik et al., 2009)) and is termed the fG1P-dependent
component herein. In this model the formation of a non-catalytically active BPGM:G1P
complex could preclude BG16BP binding to the active site and prevent regeneration of
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BPGM and further catalysis. However, there is currently no structural or mechanistic evi-
dence to explain substrate inhibition by SG1P or how the lag phase can be alleviated.

Here we have structurally characterized BG1P bound to the BPGM enzyme in a non-catalytically
competent, closed complex, which provides a structural basis for the BG1P inhibition of the
substrate-free enzyme postulated previously in kinetic models (Golicnik et al., 2009). Fur-
thermore, it is demonstrated that single mutations in the distal phosphate site can alleviate
the BG1P-dependent component of the lag-phase prior to steady state catalysis, implicat-
ing a role for the specific bidentate hydrogen bonding interaction between phosphate in the
distal site and the terminal guanidinium group of residue R49 in the cap domain. MgF3~
and AlF,™ transition state analogue complexes with G6P demonstrate minimal perturbation
to the proximal phosphate binding site (at the point of phosphoryl transfer) in response to
removal of the R49 guanidinium group in the distal phosphate binding site. This minimal
communication between the two sites indicates that the role of the distal site is primarily to
recruit ligand into the active site and induce domain closure prior to the chemical step, while
playing minimal role in the chemical step itself.

Both MgF3™ and AlIF,~ TSA crystal structures of the BPGMRgagx and BPGMgaga variants com-
plexed with G6P demonstrated a redundancy in the phosphate coordination in the distal
phosphate binding site. In the BPGMp4ok variant, the positive charge was maintained in the
distal site, but with a reduced hydrogen bonding capacity. This manifests as a reduced sta-
bility for substrate bound complexes, but given that the charge is maintained in this conser-
vative mutation, the small reduction in catalysis is readily rationalizable. In the BPGMgaga
variant, though charge balance was removed from the distal site on the cap-domain side,
there was still a substantial level of activity. In both of the TSA structures with G6P, K117
from the core-domain (which is solvent exposed in BPGMwrt and BPGMRgagk complexes), is
repositioned in order to coordinate the distal phosphate group of G6P via its sidechain amine
group. If this occurs in solution, which is consistent with the chemical shift changes in the
IH'>N-TROSY spectra, then this presents a redundancy in phosphate binding capacity in
the distal phosphate binding site of SPGM. This conformer also indicates that a competitive
binding interaction between K117 and R49 may exist in BPGMwrt. This alternative binding
partner for phosphate groups in the distal site could present a pathway to ligand dissocia-
tion from the active site, prior to either reorientation of BG16BP or product release of G6P or
BGIP.

Interestingly, the closed SPGMp17on:BG1P complex closely resembles fully closed TSA struc-
tures of phosphoryl transfer, with key residues in the active site adopting catalytic orienta-
tions, but without a phosphoryl group to transfer and without a metal ion in the active
site. The sidechain of residue N170 is rotated away from the proximal phosphate site, which
potentially implicates D170 dissociation from the active site as a mechanism to release the
Mgecat ion in the WT enzyme. This may be important in the dissociation of the reaction inter-
mediate fG16BP, since it has a high affinity to holo-fPGM (Mgcat bound; Kd = 0.8 £ 0.2 yM
(Golicnik et al., 2009)). However this protein complex displays a weak Mg, binding affinity
(Johnson et al., 2018). Given that the BG16BP ligand has a higher binding affinity than SG1P
or G6P ligands for the open-BPGM enzyme, it is important that this state does not become a
kinetic trap. In order to avoid this, it is tempting to speculate that BPGM uses one (or both)
of the above ligand dissociation pathways.
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Guanidinium - phosphate interactions have been reported to provide substantial binding en-
ergies in the range 11-13 kcal/mol for glycerol 3-phosphate dehydrogenase (GPDH) (Tsang,
Amyes, and Richard, 2008), for triose phosphate isomerase (TIM) (Amyes, ODonoghue, and
Richard, 2001), and for orotidine 5-monophosphate decarboxylase (Amyes, Richard, and
Tait, 2005). This phosphodianion binding has been associated with a protein conformational
change and active site assembly in other systems such as orotidine 5-monophosphate de-
carboxylase (Desai et al., 2012; Reyes, Amyes, and Richard, 2016) and for GPDH (Reyes et
al., 2015). Furthermore, it has been demonstrated that the energetic cost of disconnecting
groups of either substrate or enzyme GPDH (Tsang, Amyes, and Richard, 2008; Go, Amyes,
and Richard, 2010; Reyes, Amyes, and Richard, 2016) and TIM (Go, Amyes, and Richard,
2010; Zhai, Amyes, and Richard, 2014) was directly reflected in the reduction in observed
reaction rate. This suggests that the transition state of the reaction in the re-assembled com-
plex closely reflected transition states of the native reaction (reviewed (Amyes and Richard,
2013)). In BPGM, binding of the phosphodianion to the distal site is insufficient to close
the enzyme, furthermore, the inclusion of both phosphate (or analog) and glucose is in-
sufficient to re-assemble the inhibited fG1P-bound complex. This is unsurprising as the
Ki for the fG1P-dependent contribution to the lag phase is reportedly 122 £+ 8 uM (Golic-
nik et al., 2009), however, the minimal impact of reduced hydrogen bonding capability in
the distal site is more surprising. Given that the bidentate interaction between the sugar-
associated phosphate group and the guanidinium group of R49 is well conserved substrate
bound complexes in BPGM, it is surprising how well the reduction in observed rate cor-
relates with energy associated with the loss of a hydrogen bond. This contrasts with the
significant contribution of an Arg group binding to phosphate in GPDH, where mutation to
alanine resulted in a 9.1 kcal mol™! destabilization of the transition state for enzyme catalyzed
reduction of DHAP (Reyes, Amyes, and Richard, 2016). This implies that the chemical step
of the reaction in fPGM may not have been affected, which is highly consistent with the
19F NMR of the TSA complexes where mutation of the R49 group had not affected chemical

environment of the proximal site at the point of phosphoryl transfer to substrate.

Taken together, these observations illustrate some of the elegant mechanisms that enzymes
employ in order to achieve the significant rate enhancements necessary for life. Here we
see a ca. 10 fold rate enhancement through the use of a guanidinium group (WT) over an
amine group (R49 variants) to coordinate the phosphate in the distal site (at approximately
physiological BG1P concentrations). This rate enhancement, however, is at the expense of
introducing a source of inhibition to catalysis — inhibition of the substrate-free enzyme by
its initial substrate BG1P. Together this is an example of the elegant trade off present in
numerous phosphoryl transfer enzymes, that of balancing substrate affinity with potential
inhibitory consequences by introducing substrate inhibition.
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4.4 Paper IV: Mechanisms of phosphatase activity in good
and bad phosphatases of the HAD superfamily

Phosphoryl transfer enzymes play a key role in biology, with vital roles in metabolism, cell
signaling, and manipulation of genetic material. These enzymes can be broadly categorized
into phosphatases, phosphotransferases (eg. kinases), and mutases. While in phosphatase
enzymes the phospho-enzyme state is destabilized such that spontaneous autodephospho-
rylation is promoted, mutase enzymes need to stabilize a phospho-enzyme state in order to
efficiently perform a ping-pong bi-bi reaction mechanism. To investigate how specific phos-
phatase vs. mutase activity has diverged, two enzymes from the well characterized haloacid
dehalogenase (HAD) superfamily were selected. Here we show that a specific phosphatase
(Phosphoserine phosphatase (PSP) from Methanococcus jannaschii) employs several mech-
anisms that promote phosphatase activity compared to a mutase (B-phosphoglucomutase
(BPGM) from Lactococcus lactis), which actively employs mechanisms to prevent such activ-
ity. These themes can be roughly partitioned into three areas; translation of catalytic ma-
chinery, dislocation of solvent from the transferring phosphate group, and rotation of the
phosphate group on a catalytically relevant timescale. All three themes act to ensure that
BPGM acts as a mutase not a phosphatase, and that PSP acts as a phosphatase, not a phos-
photransferase and together present tools for the future design of enzymes in either class.

Here three themes (translation, dislocation, and rotation) have been described that distin-
guish the specific phosphatase activity of PSP from the specific mutase activity of SPGM
in a key enzyme superfamily (Huang et al., 2015). Given the previous crystal structures of
PSP using the GAB residue (D13) to align water for nucleophilic attack on the phospho-
enzyme (Wang et al., 2002), there was little debate of the direct role that the GAB played.
In BPGM where the same catalytic DXD motif could utilize the GAB residue (D10) for the
same purpose, several crystal structures presented here indicate that it does not as was pre-
dicted previously (Griffin et al., 2012; Johnson et al., 2018). In these structures residue D10
not only adopts a rotamer that is both rotated out of the active site, but the residue is also
translated away such that rotation from out to in is insufficient to align a water molecule
for nucleophilic attack. In a structure where a partial in occupancy is observed, the GAB
indirectly coordinates a nucleophilic water molecule (via a second water molecule), which
may form the basis of a proton transfer network between nucleophilic water molecule to
the GAB (Allen and Dunaway-Mariano, 2016). However, the minimal perturbation of the
dephosphorylation rate when the GAB residue is mutated to a constitutively protonated
mimic eliminates this possibility (Johnson et al., 2018). The comparison in PSP is that in both
the PSP:BeF; and PSP:MgF; structures indicate that the GAB residue (D13) occupies an in
rotamer that aligns water for nucleophilic attack on the phosphate group.

Key active site differences exist between PSP and BPGM beyond the GAB in to out transition.
In PSP the positioning of polar groups in the active site is near identical when either L-Ser
or water are accommodated. This presents a mechanism whereby the active site in PSP acts
to specifically orient a shell of water molecules around an activated water nucleophile in the
same manner that a ligand is usually coordinated in the active site of an enzyme. This water
as-substrate model is relatively robust with local perturbation to affected fluoride groups as
a result of no-observed rotation of the phosphate group mimic in the active site. By contrast,
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open-BPGM structures with either phosphate (or transferring phosphate) surrogates coordi-
nated by poorly defined water molecules in solution, or crystallographically. This indicates
that in SPGM, one of the protection mechanisms of the high energy phosphate group is to
expose it to bulk, unstructured, solvent, rather than preclude it from solvent.

Chemical exchange of the phosphate surrogate (BeF3~) is observed in SPGM but not in PSP,
even when the number of coordinating groups to the phosphate is made equivalent in both
enzymes through mutation. This chemical exchange is the result of rotation of the BeF5~ moi-
ety around the apartyl O51 — bond and suggests a tightly controlled position of the BeF3~
group in PSP which is not present in BPGM. The observation that removal of a coordinat-
ing positive charge (sidechain amine of K145) had only a moderate effect on this exchange
process suggests that there are larger contributors to this exchange process. One possibility
is that there is an underlying conformational dynamic in the active site of BPGM that mani-
fests as a rotation of the BeF3™ moiety. A second possibility is that a more charged species is
dominating the electrostatic environment surrounding the BeF3™ group. Given its proximity
and reportedly poor affinity both catalytically (Golicnik et al., 2009) and structurally (John-
son et al., 2018), it is tempting to speculate that dissociation of the catalytic Mg?* ion may be
responsible.

It has been asserted that as enzymes evolve towards a specific function, they rigidify (al-
though no specific timescale was given, and a catalytically relevant one is assumed) (Tokuriki
and Tawfik, 2009; Dellus-Gur et al., 2015; Pabis, Duarte, and Kamerlin, 2016; Petrovi¢ et al.,
2018). By both X-ray crystallography and solution NMR, it is observed that PSP coordinates
both L-Ser and water stably in the active site, with well defined and robust water network.
Contrastingly, the active site of BPGM exposes the transferring phosphate group to unstruc-
tured solvent which is typically more plastic in nature than protein residues. Herein lies
a potential distinction between the two enzymes, PSP binds water as-substrate in a stable
manner conducive to specific phosphatase activity, whereas BPGM employs several confor-
mational and geometric measures to prevent this from happening.
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Chapter 5

Discussion and future directions

This thesis has been primarily concerned with how we can use this archetypal phosphoryl
transfer enzyme, SPGM, to investigate the phosphoryl transfer process in general. In order
to corroborate observations and justify claims, a multidisciplinary approach was adopted
that utilized NMR spectroscopy, X-ray crystallography, kinetic assays, as well as DFT QM
calculations. As a general rule, convergence between all disciplines was sought to validate
each phenomenon. This cross disciplinary approach was only made possible through the
concerted effort of several people (often in different institutions), to which the author owes
a great deal of thanks. The principal outcomes of this thesis are outlined in the following
sections, which will hopefully tie-in to several of the key themes outlined in the Introduction.

5.1 The D10N mutation

The mutation of general acid-base (GAB) aspartate residues in enzymes is an immensely
powerful tool for structural biology. In the case of Paper I, we managed to trap native sub-
strate in the active site at Van der Waals contact distance from the nucleophilic carboxylate
oxygen. Not only did this work allow the investigation of native substrate approaching a
catalytic conformation, but it directly demonstrated that the pathway from open to closed
transition state protein architecture was a non-linear event. This dog-leg possibility is often
omitted from computational calculations of reaction trajectories and could lead to significant
errors in final predictions. One implication of this is parallel catalytic pathways, with these
structural investigations presenting some mechanistic evidence towards supporting an en-
tropic contribution towards an activation energy barrier. This study was initially designed to
address the question of the role of the GAB outlined in section 1.6.3 in a more direct manner
than had previously been adopted. The implication was that additional protein conforma-
tional changes from the GS may also be necessary in order to stabilize the TS in enzyme
catalyzed phosphoryl transfer. This work led onto the investigation of the D10N variant as a
pre-proton-transfer model when the G6P ligand is complexed with AlF4~ which formed the
starting point of Paper II.
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5.2 Investigations of the implications of proton transfer

Following from Paper I, Paper II continues to address the role of the GAB in the catalytic
mechanism of BPGM. This paper advocates for an additional use of AlF;~ groups, namely,
the investigation of proton transfer in phosphoryl transfer enzymes. Here we establish that
the AI** atom of the AIF,~ moiety displays a distortion towards the side of the reaction
where the proton transfer event occurs. While the readout of this is a 0.15 A migration of
the AI** atom and subtle distortion of the AlFs~ moiety when observed crystallographically,
19F 1D NMR shows a more pronounced effect. The 1°F NMR shifts of the AlF,~ group tran-
sition from typical 6 coordinate AI** to 5 coordinate AlFy !°F shifts as the AI** atom moves
towards the sugar 1-oxygen atom resulting in an average downfield shift of 4 ppm. These
observations are corroborated by DFT calculations, which allows further investigation of
principal interaction partners across the phosphoryl transfer event. While this paper ini-
tially sought to solve a controversy over the timing of proton transfer in BPGM, one of the
principal outcomes is that AlF;~ may report on more than was previously thought. Previous
investigations demonstrated that AlF;~ provided a highly sensitive reporter on the electro-
static environment of the active site (Jin et al., 2016; Jin et al., 2017a). This study demonstrates
that it can also be a highly sensitive tool for the investigation of proton transfer timing in en-
zymes that utilize GAB catalysis. Furthermore, the protein conformational change from the
BPGMp1on:BG16BP complex in Paper I to the TSA protein architecture described in Paper
11, is associated with partial bond cleavage of both P-O and O-H bonds. The corollary of
this argument is that this conformational change may be necessary in order to stabilize the

product state.

5.3 Asingle hydrogen bond results in a catalytic lag phase in
BPGM

Moving away from direct mechanistic investigations of the chemical step, Paper III is an ex-
ample of the elegant trade off present in many enzymes, that of balancing substrate affinity
with potential inhibitory consequences. As an added bonus, this work also permitted the
investigation of through-substrate communication in catalysis, or lack thereof. We discern
a disconnect between transferring (proximal) and non-transferring (distal) phosphate sites at
the point of phosphoryl transfer, with key roles for the two sites becoming more defined.
Namely, the principal role of the distal site is to recruit ligand, with minimal role in the
chemical transfer, while the proximal site may both recruit ligand (via the side-chain amine of
K145) and perform catalysis. This work presents a very elegant trade-off between substrate
affinity and inhibition with weak inhibition in a non-essential enzyme (Levander, Anders-
son, and Radstrom, 2001) the result of a 10 fold increase in observed rate at approximately
physiological BG1P conditions.
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5.4 Do you want to build a phosphatase? Come on, let’s find

a way!

Paper IV was initially designed to address the native phospho-enzyme controversy (outlined
in section 1.6.2). Once the native phospho-enzyme structures were obtained, the project be-
came more about how the fPGM enzyme dephosphorylated, than how it became phospho-
rylated. Once these states were obtained the comparison of BPGM (a poor phosphatase)
with PSP (a good phosphatase) became the obvious next step. Given the work done previ-
ously in the Kim and Wemmer labs (Wang et al., 2001; Wang et al., 2002), alongside work
done by previous PhD students in the Waltho lab, three key themes could be teased out of
the combined effort. These themes each indicate mechanisms of how SPGM had evolved to
promote mutase activity over phosphatase activity.

Firstly, translation of catalytic machinery away from the phospho-enzyme site plays a role in
preventing alignment of water for nucleophilic attack by a general acid-base. Secondly, rota-
tion of the phosphate group and local millisecond conformational dynamic prevents water
stabilization around the high energy phosphate group and this dynamic was not observed
in the specific phosphatase PSP. Finally, and most surprisingly, the exposure of phospho-
enzyme to bulk water reduces hydrolysis rate. This final observation is borne out of the
unstructured water observed in BPGM TSAs compared to the well ordered water molecules
observed in PSP (both hydrolysis TSA and ligand polar groups for the phosphatase reaction).
Together these observations point towards a more rigid, pre-organized active site in (com-
pared to BPGMF) when the active site is fully solvated. While mechanisms of orbital steering
are not being invoked, the structure and alignment of reactive groups points towards a key

mechanism of specifically increasing phosphatase activity.

5.5 Future directions

Building from the work in Paper III, investigation of ligand binding to the open enzyme
could go a long way towards explaining the observed "lag-phase" phenomena. To this end,
a characterization of the open enzyme is in process, with a view to dynamic landscape char-
acterization that was so productive for DHFR, and Abl/Src kinases. Furthermore, given
the high sensitivity of °F probes to the electrostatic environments surrounding MFx TSAs
(Paper II and references therein), a quantifiable contribution of the active site to the energy
barriers associated with catalysis is now achievable. Building from Paper II, the precise
role of electrostatic interactions in the active site of BPGM are under way, using '°F chemi-
cal shifts to validate computational models of phosphoryl transfer under non-ideal reaction

conditions.

We shall not cease from exploration, and the end of all our exploring will be to arrive
where we started and know the place for the first time.

TS Eliot
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A.1 PaperI: van der Waals contact between nucleophile and
transferring phosphorus is insufficient to achieve enzyme

transition state architecture.

Contribution: Paper I: I expressed and purified protein, I performed most of the crystal-
lography and some of the NMR, I analysed and interpreted the data and designed further
experiments, I wrote processing scripts for analysis of kinetic data, I took part in writing of
the manuscript alongside NJB, CRT, and JPW.
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ABSTRACT: Phosphate plays a crucial role in biology because of 7 4
the stability of the phosphate ester bond. To overcome this inherent - )
stability, enzymes that catalyze phosphoryl transfer reactions achieve
enormous rate accelerations to operate on biologically relevant time
scales, and the mechanisms that underpin catalysis have been the
subject of extensive debate. In an archetypal system, S-phospho-
glucomutase catalyzes the reversible isomerization of f-glucose 1-
phosphate and glucose 6-phosphate via two phosphoryl transfer

Ground State
A

B-phosphoglucom\uk‘

Transition State

steps using a f-glucose 1,6-bisphosphate intermediate and a

catalytic Mg" ion. In the present work, a variant of f-phosphoglucomutase, where the aspartate residue that acts as a
general acid—base is replaced with asparagine, traps highly stable complexes containing the S-glucose 1,6-bisphosphate
intermediate in the active site. Crystal structures of these complexes show that, when the enzyme is unable to transfer a proton,
the intermediate is arrested in catalysis at an initial stage of phosphoryl transfer. The nucleophilic oxygen and transferring
phosphorus atoms are aligned and in van der Waals contact, yet the enzyme is less closed than in transition-state (analogue)
complexes, and binding of the catalytic Mg" ion is compromised. Together, these observations indicate that optimal closure and
optimal Mg" binding occur only at higher energy positions on the reaction trajectory, allowing the enzyme to balance efficient
catalysis with product dissociation. It is also confirmed that the general acid—base ensures that mutase activity is ~10° fold

greater than phosphatase activity in f-phosphoglucomutase.

KEYWORDS: phosphoryl transfer enzyme, general acid—base catalysis, near attack conformation, magnesium ion affinity,

X-ray crystallography

B INTRODUCTION

The efficiency of phosphoryl transfer enzymes in overcoming
the stability of phosphate mono- and diesters under
physiological conditions has enabled biology to perform a
vast array of functions, spanning transient cell signaling
cascades, energy storage and consumption, protein regulation,
and the manipulation of genetic material." Phosphoryl transfer
enzymes can achieve catalytic rate constants (k) of greater
than 100 s™/, even when spontaneous rate constants are as low
as 107 s7'. As such, they possess some of the largest
enzymatic accelerations identified, with catalytic enhancements
approaching 10%'? Part of these accelerations has often been
ascribed to general acid—base catalysis that both augments
phosphorylation rates by assisting deprotonation of the
nucleophilic hydroxyl oxygen and enhances dephosphorylation
rates by aiding protonation of the same oxygen atom (now the

A4 ACS Publications — © xxxx American Chemical Society 8140

bridging oxygen of the phosphate group). Residues that satisfy
the assignment of the general acid—base (commonly aspartate,
glutamate, or histidine residues) are repeatedly conserved in
the active sites of multiple superfamilies of phosphoryl transfer
enzymes and are consistently identified by mutation studies as
key elements of enzyme activity.” ® While structural studies
reveal the close proximity of the general acid—base to reacting
groups in near-transition-state complexes, the precise relation-
ship of proton transfer to the mechanism of the phosphoryl
transfer reaction remains uncertain. Density-functional-theory
(DFT) models of the phosphoryl transfer step in some
enzymes predict that proton transfer occurs only when there is
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Figure 1. fPGM reaction scheme and change in orientation of residue D10, the assigned general acid—base. (A) fPGM reaction scheme for the
enzymatic conversion of SG1P to G6P via a JG16BP intermediate. The phosphoryl transfer reaction between the phospho-enzyme (SPGM,
phosphorylated at residue D8) and SG1P is termed Step 1 and is illustrated with the transferring phosphate (blue) in the proximal site and the 1-
phosphate (red) of SGIP in the distal site. The equivalent reaction between SPGM" and G6P is termed Step 2 and is shown with the transferring
phosphate (red) in the proximal site and the 6-phosphate (blue) of G6P in the distal site. The two intermediate complexes are labeled
PPGM:P6G1P and SPGM:P1G6P to explicitly denote the orientation of fJG16BP bound in the active site. (B) The carboxylate group of residue
D10 is in the out position in both the open substrate-free SPGM" analogue structure (SPGM:BeF; complex; PDB 2WEA;> gray carbon atoms)
and in the hydrogen bonded NAC (BPGM:BeF,:G6P complex; PDB 2WF9;>* magenta carbon atoms). In contrast, the carboxylate group of
residue D10 is in the in position in both the transition-state-analogue (TSA) structure (SPGM:MgF;:G6P TSA complex; PDB 2WFS;*" blue
carbon atoms) and in the aligned NAC (SPGM:BeF;:G6P complex; PDB 2WE8;> cyan carbon atoms). Selected active site residues and ligand are
shown as sticks in standard CPK colors, with beryllium (light green), magnesium (green), and fluorine (light blue). Structural waters (red) and the
catalytic Mg'" ion (green) are drawn as spheres. Orange dashes indicate hydrogen bonds and black dashes show metal ion coordination.

substantial bond formation between the hydroxyl nucleophile glucose 1,6-bisphosphate (BG16BP) intermediate.'® Subse-

and the phosphorus atom,”™"* but conclusions based on DFT quent release of fG16BP to solution permits its binding in the
models depend on how closely the protein conformation alternate orientation, leading to dephosphorylation of fG16BP
reflects that in which proton transfer takes place. However, (Step 2)*° and the generation of G6P and SPGM? as products
solvent deuterium isotope effect measurements and the pH (Figure 1A). In the Step 1 complexes, f/PGM hydrogen bonds
dependence of presteady-state kinetic analyses often support to the substrate directly, whereas in the Step 2 complexes, two
the DFT models in that the rate of phosphoryl transfer is water molecules mediate hydrogen bonding with substrate."
interpreted to be independent of hydroxyl nucleophile Structural investigations of species along the reaction
deprotonation."* ™ A resolution of the uncertainty over how coordinate have made extensive use of metal fluoride-based
the proton transfer step contributes to the catalytic cycle ground and transition-state-analogue complexes,”*** and have
requires direct structural evidence of the protein conformation experimentally corroborated the in-line nucleophilic attack of
in which proton transfer occurs. phosphoryl transfer, the trigonal bipyramidal nature of the
p-Phosphoglucomutase (SPGM) from Lactococcus lactis is a chemical transition state (TS), and the requirement for charge
well-studied magnesium-dependent phosphoryl transfer en- balance in the active site.”’">> Moreover, these studies have
zyme of the haloacid dehalogenase (HAD) superfamily,”'”~>* highlighted how the carboxylate group of the assigned general
which catalyzes the reversible isomerization of f-glucose 1- acid—base (residue D10) can adopt different orientations.® In
phosphate (#G1P) and glucose 6-phosphate (G6P) (Figure substrate-free SPGM and SPGM” analogue structures,””*’ the
1A). The active site is located in the cleft formed between the active site cleft is open and the D10 carboxylate is in the out
helical cap domain (T16—V87) and the a/f core domain position (Figure 1B). In transition-state-analogue (TSA)
(M1-D1S, S88—K216), with closure of the cleft through structures,”’ domain reorientation has closed the active site
domain reorientation occurring during catalysis. The active site cleft and the D10 carboxylate is in the in position, where it is
binds two phosphate groups, one in the proximal site adjacent positioned to facilitate general acid—base catalysis. In the
to D8 and the catalytic Mg" ion, and one in the distal site (~8 substrate-bound SPGM’ analogue structures containing
A away in the closed enzyme). JPGM transfers a phosphate BeF,™** two conformations are observed, in both of which
group from the phospho-enzyme (SPGM?, phosphorylated on the active site cleft is closed. One has the same conformation as
the carboxylate side chain of residue D8) to the physiological the TSA structures, while in the other the cap and core
substrate, SG1P, (Step 1)"° forming an enzyme-bound p- domains have a relative rotation of 17° and the D10
8141 DOI: 10.1021/acscatal 8001612
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carboxylate is in the out position. Both of the substrate-bound
SPGM" analogue structures conform to the criteria of near
attack conformations (NACs).”® The TSA-like conformation is
termed an aligned NAC as the nucleophile is aligned to attack
the BeF;™ moiety, whereas the rotated conformation is termed
a hydrogen-bonded NAC as the nucleophilic hydroxyl group is
hydrogen bonded to the BeF;~ moiety.”® The observation of
both NACs supports a model where the conformational
change between the two closed forms is correlated with the out
to in transition of D10 and the alignment of the substrate for
nucleophilic attack.

The models above require extrapolation from the behavior
of metal fluoride analogues in the active site to that of the
substrates. While there is growing computational evidence for a
close relationship between metal fluoride TSA complexes and
the corresponding phosphoryl spffscies,2 % there are few
experimental systems where the properties of both species
can be examined in detail. In order to address this, we sought
to establish a stable enzyme:substrate complex using an
aspartate to asparagine substitution, in a system for which
the behavior of metal fluoride analogue complexes is well
determined.””*® Here, we report the properties of several
complexes involving the SPGM D10N variant (fPGMp,on),
which serves as a model of wild-type SPGM (fPGMy) with
the general acid—base in its protonated form. This variant has
previously been reported to be inactive,® and was expected to
offer the opportunity to study SPGM’:AG1P, SPGM”:G6P,
and fPGM:G16BP complexes independently. Here we show
that the PPGMp,oy variant purifies as SPGMy on:fG16BP
complexes. Low-level mutase activity was observed, which was
enhanced once the noncovalently bound intermediate is
removed by denaturation-refolding. Subsequently, exposure
to substrate leads to the reformation of SPGMp,o:fG16BP
complexes in solution, and the trapping of two distinct
PPGMpon:PGL6BP complexes in crystallo, with either the 1-
or the 6-phosphate group in the proximal site. In both of these
complexes, the nucleophilic carboxylate oxygen and the
phosphorus atoms are aligned and in van der Waals contact,
but phosphoryl transfer is arrested by the failure of N10 to
release a proton to SG16BP. However, the
PPGMp,on:fG16BP complexes do not adopt the fully closed
conformation of the TSA complexes, indicating that such close
proximity between reacting groups is insufficient to achieve the
architecture used by the enzyme to bind the TS. Remarkably,
the binding affinity of the catalytic Mg" ion in the
PPGMpon:fG16BP complexes is reduced compared with
the phospho-enzyme analogue and the TSA complexes, which
implies that antagonism within the coordination of the Mg"
ion facilitates the release of the high-affinity SG16BP
intermediate.

B EXPERIMENTAL METHODS

B-Phosphoglucomutase (3PGM) Expression, Purifica-
tion, and Refolding. Site-directed mutagenesis (QuikChange
II kit, Agilent Technologies) of the SPGM gene from
Lactococcus lactis (EC 5.4.2.6) cloned in a pET22b+ vector
was employed to generate the D10N variant (SPGMp,y) and
the D8N variant (fPGMpgy) using primers with single-site
base changes and mutagenesis of the SPGM gene was
confirmed by DNA sequencing. Wild-type fPGM (fPGMyr),
PPGMp oy and SPGMpgy proteins were expressed using
natural abundance, "N or 2H'N'*C isotopic enrichment"”
and purified using the following methodology which

8142

minimized the presence of contaminating phosphoryl transfer
enzymes (e.g., phosphoglucose isomerase and fPGM from E.
coli). The cell pellet was resuspended in ice-cold standard
native buffer (S0 mM K* HEPES (pH 7.2), S mM MgCl,, 2
mM NaN;) supplemented with one tablet of cOmplete
protease inhibitor cocktail (Roche). The cell suspension was
lysed on ice by sonication for S cycles of pulsation for 20 s with
60 s cooling intervals. The cell lysate was then separated by
ultracentrifugation (Beckman Coulter Avanti centrifuge) at
24000 rpm for 35 min at 4 °C. The cleared cell lysate was
filtered using a 0.2 M syringe filter and loaded onto a DEAE-
Sepharose fast flow ion-exchange column connected to an
AKTA purification system that had been washed previously
with 1 column volume of 6 M guanidine hydrochloride, 1
column volume of 1 M NaOH and equilibrated with 5 column
volumes of standard native buffer. Following extensive
washing, proteins bound to the DEAE-Sepharose column
were eluted with a gradient of 0 to 100% standard native buffer
containing 0.5 M NaCl. Fractions containing SPGM were
checked for purity using SDS-PAGE, were pooled together,
and concentrated by Vivaspin (10 kDa MWCO). The protein
sample was filtered using a 0.2 uM syringe filter and loaded
onto a prepacked Hiload 26/60 Superdex 75 size-exclusion
column connected to an AKTA purification system that had
been washed previously with 1 column volume of 1 M NaOH
and equilibrated with S column volumes of filtered and
degassed standard native buffer containing 1 M NaCl
Fractions containing fPGM were checked for purity using
SDS-PAGE, were pooled together, buffer exchanged into
standard native buffer, and concentrated to 2 mM by Vivaspin
(10 kDa MWCO) for storage as 1 mL aliquots at —20 °C.

In contrast to fPGMyr and SPGMpgy, SPGMpon
copurified with SG16BP as tight, noncovalently bound
PPGMpon:fGL6BP complexes. Substrate-free SfPGMp; oy
was prepared from the copurified SPGMp,n:fG16BP
complexes using an unfolding-dilution-refolding strategy to
remove AGl6BP. Samples of the copurified
PPGMpon:fGLEBP complexes were diluted into unfolding
buffer (4 M guanidine hydrochloride, S0 mM K* HEPES (pH
7.2), S mM MgCl,, 2 mM NaNj), buffer exchanged by
Vivaspin (10 kDa MWCO) in unfolding buffer to dilute
PG16BP by 200-fold, and the retained SPGMp, gy was refolded
by pulse renaturation or dialysis into standard native buffer. A
final buffer exchange to remove any remaining denaturant was
performed using a Vivaspin (3 kDa MWCO), and the protein
was concentrated to 2 mM for storage as 1 mL aliquots at —20
°C. Removal of fG16BP from SPGMp,oy was confirmed by
3P NMR spectroscopy in standard NMR buffer (50 mM K*
HEPES (pH 7.2), S mM MgCl,, 2 mM NaN,, 10% (v/v)
2H,0, and 1 mM trimethylsilyl propanoic acid (TSP)).

The reconstituted SPGMp,on:fG16BP complexes were
formed by the addition of 20 mM acetyl phosphate (AcP)
and 10 mM glucose 6-phosphate (G6P) or 10 mM f-glucose
1-phosphate (fG1P) to 1 mM substrate-free SPGMp, oy in 200
mM K* HEPES buffer (pH 7.2), S mM MgCl,, and 2 mM
NaN;. Unbound ligands in the sample (excess G6P, fG1P, and
AcP) were removed by buffer exchange into standard NMR
buffer.

Reagents. Unless otherwise stated, reagents were pur-
chased from Sigma-Aldrich, GE Healthcare, Melford Labo-
ratories, or CortecNet.

PG16BP was isolated from the copurified
PPGMpon:fGL6BP complexes in standard NMR buffer by

DOI: 10.1021/acscatal.8b01612
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heat denaturation of SPGMp,ony (2 min at 80 °C),
centrifugation at 13 000 rpm to remove denatured fPGMp,y,
and filtration of the supernatant containing fG16BP using a
Vivaspin (3 kDa MWCO). Resonance assignments of fG16BP
were confirmed by *'P and natural abundance 'H"*C HSQC
NMR spectra following the addition of 6 mM EDTA to the
sample.

BGIP was synthesized enzymatically from maltose using
maltose phosphorylase (EC 2.4.1.8). Maltose (1 M) was
incubated overnight at 30 °C with 1.5 units mL™" maltose
phosphorylase in 0.5 M phosphate buffer (pH 7.0). AGIP
production was confirmed using *P NMR spectroscopy.
Maltose phosphorylase (90 kDa) was removed using a
Vivaspin (S kDa MWCO), and the resulting flow-through
solution containing SG1P was used without further purifica-
tion. The concentration of fG1P was measured to be 150 mM
by quantitative >'P NMR spectroscopy (recycle time 60 s)
against a known concentration of G6P. The concentrations of
other components in the solution were estimated as follows:
150 mM glucose, 850 mM maltose, and 350 mM inorganic
phosphate.

Uniformly "*C-labeled G6P was synthesized enzymatically
from 45 mM uniformly '*C-labeled p-glucose by incubation for
90 min at 37 °C with 14 units mL ™" hexokinase (EC 2.7.1.1)
and 50 mM ATP in 100 mM Tris-HCl (pH 8.0), S0 mM
MgCl,, and 2 mM EDTA. G6P production was confirmed
using *'P NMR spectroscopy. Hexokinase (110 kDa) was
removed by denaturation at 80 °C followed by filtration using
a Vivaspin (3 kDa MWCO). The flow-through containing
uniformly '3C-labeled G6P was used without further
purification together with AcP and substrate-free SPGMp, oy
for the formation of uniformly C-labeled SG16BP in the
reconstituted SPGMp,gn:AGL6BP complexes.

Chemically synthesized SGL16BP was a gift from Prof.
Nicholas Williams, Department of Chemistry, The University
of Sheffield.*’

NMR Spectroscopy. Instruments and Data Processing.
NMR experiments were acquired at 298 K using Bruker
spectrometers located at the following institutions: Depart-
ment of Molecular Biology and Biotechnology (MBB), The
University of Shefield; School of Chemistry (SC), The
University of Manchester; Manchester Institute of Biotechnol-
ogy (MIB), The University of Manchester. Experiments were
processed using TopSpin (Bruker) or FELIX (Felix NMR,
Inc.), and figures were prepared using either FELIX or
CcpNmr Analysis.®" 'H chemical shifts were referenced relative
to the internal TSP signal resonating at 0.0 ppm and 3¢, BN,
and *'P chemical shifts were referenced indirectly using nuclei-
specific gyromagnetic ratios.

"H'SN TROSY Spectra. "H'*N TROSY spectra of SPGMy
and substrate-free JPGMp,y were acquired using 0.5—1 mM
SN-APGM in standard NMR buffer (50 mM K* HEPES (pH
7.2), S mM MgCl,, 2 mM NaNj with 10% (v/v) *H,0 and 2
mM TSP) containing 50 mM MgCl,. 'H"*N TROSY spectra
of the fPGMy:BeF; and SPGMp,gn:BeF; complexes were
acquired using 0.5—1 mM "“N-SPGMyy or '*N-substrate-free
PPGMpy in standard NMR buffer containing 5 mM BeCl,
and 10 mM NH,F. Experiments were recorded using a Bruker
600 MHz Avance DRX spectrometer equipped with a TXI
cryoprobe and z-axis gradients (MBB) or a Bruker 800 MHz
Avance I spectrometer equipped with a TXI probe and z-axis
gradients (MBB).
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31p Spectra. One-dimensional >'P spectra to characterize
PG16BP and the PPGMpon:fG16BP complexes were
acquired using a Bruker 500 MHz Avance DRX spectrometer
(operating at 202.456 MHz for *'P) equipped with a
broadband probe (MBB). A spectral width of S0 ppm centered
at —10 ppm enabled the observation of the relevant
phosphorus signals. Typically, accumulations of 10000
transients without proton-phosphorus decoupling were neces-
sary to achieve a sufficient signal-to-noise ratio with sample
concentrations in the 0.5—1 mM range. Spectra were
processed with baseline correction and 10 Hz Lorentzian
apodization.

31p Spectra for Kinetic Measurements. Reaction kinetics
for fPGM-catalyzed reactions were followed using a Bruker
500 MHz Avance III HD spectrometer (operating at 202.48
MHz for *'P) equipped with a Prodigy BBO cryoprobe (SC),
which offered significant improvements in signal sensitivity.
One-dimensional *'P spectra without proton-phosphorus
decoupling were recorded within 1 min, with 16 transients
and a 2 s recycle delay to give signal-to-noise ratios for 10 mM
PGIP of greater than 100:1. The equilibrations of 10 mM
BGIP with G6P by 0.1—1 M SPGMyy, S—50 M substrate-
free fPGMp;on, and 10 uM SPGMpgy were measured in
standard kinetic buffer (200 mM K* HEPES buffer (pH 7.2), §
mM MgCl,, 2 mM NaNj, 10% *H,0, and 2 mM TSP). The
reaction was initiated by and timed from the addition of 20
mM AcP and monitored by the acquisition of consecutive >'P
spectra. The equilibration of 10 mM AG1P with G6P by 5 uM
substrate-free fPGMp, gy using SG16BP extracted from the
copurified fPGMp,ox:AG16BP complexes as a priming agent
was measured in standard kinetic buffer monitored by one-
dimensional 3'P spectra recorded without proton-phosphorus
decoupling with 256 transients and a 1 s recycle delay using a
Bruker 500 MHz Avance DRX spectrometer (MBB).
Normalized integral values of both the fG1P and G6P peaks
following baseline correction and 2 Hz Lorentzian apodization
were plotted against time to give kinetic profiles. The linear
steady-state portion of the G6P integral data was fitted using a
linear least-squares fitting algorithm to derive the catalytic rate
constant, k.. The hydrolysis kinetics of 50 mM AcP to
inorganic phosphate and acetate by 250 uM SPGM was
measured in standard kinetic buffer containing 50 mM MgCl,
and 1 mM EDTA. The reaction was timed from the addition of
AcP and monitored by the acquisition of consecutive *'P
spectra. Normalized integral values of the AcP peak following
baseline correction and 2 Hz Lorentzian apodization were
plotted against time, and the rate constant for AcP hydrolysis
was derived from linear least-squares fitting of the data. A
control experiment involving 50 mM AcP alone in standard
kinetic buffer established that hydrolysis of AcP was
insignificant over the same time frame. Throughout all the
kinetic measurements, the pH of the reactions was found to be
invariant as assessed in situ by the 3'P resonance of inorganic
phosphate and the 'H resonances of 200 mM HEPES buffer.

'H'3C HSQC and 2D CCH-TOCSY Spectra of Glucose 1,6-
Bisphosphate Species. Natural-abundance 'H'*C HSQC
spectra of @G16BP and SG16BP (in 100% *H,O and 1 mM
TSP) were recorded on a Bruker 500 MHz Avance DRX
spectrometer equipped with a TXI probe and z-axis gradients
(MBB).*® To assign the bound SG16BP resonances in the
reconstituted SPGMp,on:AG16BP complexes, 'H*C HSQC
and 2D CCH-TOCSY spectra were acquired with 0.5—1 mM
5N-labeled substrate-free SPGMp,oy in standard NMR buffer
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containing 20 mM AcP and 10 mM uniformly '*C-labeled G6P
using a Bruker Avance III 800 MHz spectrometer equipped
with a TCI cryoprobe and z-axis gradients (MIB).

"H'SN BEST-TROSY Experiments. Rapid acquisition 'H'*N
BEST-TROSY spectra®** to follow BPGMp,qy-catalyzed
reactions were acquired using 1 mM substrate-free
PPGMp, oy in standard kinetic buffer containing either 20
mM AcP or 20 mM AcP and 10 mM SGI1P. 'H'N BEST-
TROSY spectra were recorded using a Bruker 600 MHz
Avance DRX spectrometer equipped with a TXI cryoprobe
and z-axis gradients (MBB) as 6 min experiments (4 transients,
200 increments and a recycle delay of 0.3 s) with selective 'H
pulses centered on the amide region (8.7 ppm). Excitation
pulses (90°) were 2 ms at 600 MHz (pulse shape Pc9_4) and
1.7 ms at 600 MHz (pulse shape Eburp2), whereas refocusing
pulses (180°) were 1.6 ms at 600 MHz (pulse shape Reburp).
The experimental dead-time was approximately 6 min.

Backbone Resonance Assignment of the
BPGMp;on:8G16BP Complexes. For the 'H, *C, and N
backbone resonance assignment of the reconstituted
PPGMpon:fG16BP complexes, multidimensional heteronu-
clear NMR spectra were acquired with 0.5—1 mM H""N"C-
labeled substrate-free fPGMp,oy in standard NMR buffer
containing 20 mM AcP and 10 mM G6P using a Bruker 800
MHz Avance III spectrometer equipped with a TCI cryoprobe
and z-axis gradients (MIB). The standard suite of 'HN-
TROSY and 3D TROSY-based constant time experiments
were acquired (HNCO, HN(CA)CO, HNCA, HN(CO)CA,
HNCACB, HN(CO)CACB) using nonuniform sampling
(NUS) with a multidimensional Poisson Gap scheduling
strategy with exponential weighting.>* NUS data were
reconstructed using TopSpin3 and multidimensional decom-
position.*® Backbone resonance assignments of the Mg"-bound
BPGMpon:P1G6P and Mg'-free SPGMpon:P1G6P com-
plexes present simultaneously in the spectra were obtained
using a simulated annealing algorithm employed by the asstools
assignment program.”’ Assignments for the two complexes
were confirmed by using 'H'*N TROSY spectra of separate
Mg"-bound and Mg"-free *N-SPGMp,on:P1G6P complexes,
together with sequential backbone amide to amide correlations
obtained from TROSY-based (H)N(COCA)NNH and H-
(NCOCA)NNH experiments.’® The Mg'"-free 'N-
PSPGMpon:P1G6P complex was prepared by dilution of Mg"
by over 20 000 fold using buffer exchange into standard NMR
buffer in the absence of MgCl,, while the Mg"-bound "*N-
PPGMpon:P1G6P complex was prepared in standard NMR
buffer containing S0 mM MgCl,.

Determination of the Mg" Dissociation Constant. A Mg"-
free N-BPGMp,on:fG16BP complex was prepared from a
reconstituted Mg'-bound **N-BPGMp,y:3G16BP complex by
buffer exchange (3000-fold dilution) and overnight equilibra-
tion into standard NMR buffer (containing no MgCL). A
discontinuous titration of 0—47.6 mM MgCl, into separate
Mg"free "N-SPPGMp,on:SG16BP samples with overnight
equilibration was monitored by 'H'®N TROSY spectra
recorded using a Bruker 800 MHz Avance I spectrometer
equipped with a TXI probe and z-axis gradients (MBB). Peak
intensities for well-resolved resonances of the Mg"-bound
BPGMpon:fG16BP complex (residues N10, G11, AllS,
K117, and 1150) were averaged and normalized against the
intensity of the side chain HNel resonance of W216, which
remains unchanged throughout the titration. The dissociation
constant (Ky) was obtained by fitting changes in normalized
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peak intensity as a function of Mg" concentration to a single-
site binding isotherm®’ using a nonlinear least-squares fitting
algorithm. The solution concentration of Mg'' present at the
beginning of the titration was derived from the fitting
procedure.

X-ray Crystallography. Crystallization and Data Collec-
tion. Frozen aliquots of substrate-free SPGMp,(y or copurified
BPGMpon:AGL6BP complex in standard native buffer (50
mM K* HEPES (pH 7.2), S mM MgCl,, 2 mM NaNj) were
thawed on ice and centrifuged briefly to pellet insoluble
material. Specific ligands were added to a solution of substrate-
free PPGMp,oy to generate crystals of the following
complexes: SPGMp,on:BeF; complex (S mM BeCl, and 15
mM NaF), fPGMp,on:P1G6P and SPGMp,on:P6GIP com-
plexes (15 mM BG1P, S mM BeCl, and 15 mM NaF), and
BPGMpon:AlF,:G6P complex (10 mM G6P, S mM AICl; and
20 mM NaF). Crystals of the SPGMp,o:AlF,:H,0:G1P
complex were obtained from a solution of the copurified
PPGMpn:fGLEBP complexes containing S mM SG1P, 2 mM
AICl;, and 10 mM NH,F. Crystals of the copurified
PPGMpon:P1G6P complex were obtained from a solution of
the copurified fPGMp,on:fG16BP complexes. The solutions
were adjusted to a protein concentration of 0.6 mM, were
incubated for 1 h, and mixed 1:1 with precipitant (24—34%
(w/v) PEG 4000 or 19-21% (w/v) PEG 3350, 50—200 mM
sodium acetate and 0—100 mM Tris (pH 7.5)). Crystals were
grown at 290 K by hanging-drop vapor diffusion using a 2 uL
drop suspended on a siliconized glass coverslip above a 700 uL
well. Thin plate, small needle, or rod-shaped crystals grew
typically over several days. Crystals were harvested using a
mounted LithoLoop (Molecular Dimensions Ltd.) and were
either cryo-protected in their mother liquor containing an
additional 25% (v/v) ethylene glycol or excess mother liquor
was removed”® prior to plunging into liquid nitrogen.
Diffraction data were collected at 100 K on the MX beamlines
at the Diamond Light Source (DLS), Oxfordshire, United
Kingdom and on beamline ID14-2 at the European
Synchrotron Radiation Facility (ESRF), Grenoble, France.

Data Processing, Structural Determination, and Refine-
ment. At the DLS, data were processed using the xia2
pipeline,” whereas at the ESRF, data were processed with
iMOSFLM.*" Resolution cut-offs were applied using either
CC-half or by consideration of the <I/a(I)> and R e values.
All the crystals belonged to the spacegroup P2,2,2,, with cell
dimensions that varied depending on the degree of enzyme
closure. Structures were determined by molecular replacement
with MolRep*" using the highest resolution model with the
most appropriate cap and core domain relationship as a search
model. Model building was carried out in COOT* with
ligands not included until the final rounds of refinement using
REFMACS™ so that they could be built into unbiased
difference Fourier maps. When structures were refined with
down-weighted B-factor restraints, the B-factors of the ligands
in the resulting structures were equivalent to those of the
surrounding protein, suggesting that the degree of accuracy in
the placement of the ligand atoms was equivalent to those of
the protein atoms. Structures with a resolution better than 1.4
A were refined with anisotropic B-factors. Structure validation
was carried out in COOT and MolProbity.** Superpositions
were carried out using PyMOL,45 maps were generated using
FET,* and domain movements were calculated using
DynDom.*” Additional details for X-ray crystallography data
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collection, data processing and refinement are provided in
Table S1 in the Supporting Information.

Crystallization of the pPGMp;on:P1G6P and the
PPGMp;on:P6GTP Complexes. Rod-shaped crystals harvested
after 1 week contained predominantly SG16BP in the
PPGMp, oy active site, with the 6-phosphate group located in
the proximal site and the 1-phosphate group bound in the
distal site (fPGMp,on:P6G1P complex). After refinement, the
ratio of 2Fo — Fc contour thresholds between the 1- and 6-
phosphate groups (ca. 60 and So, respectively) did not
correlate with a full fG16BP ligand occupancy in the
PPGMpn:P6GIP complex. When modeled at a ligand
occupancy of 0.8, B-factor convergence was attained between
the fG16BP ligand and neighboring residues in the active site,
confirming SGL6BP as the dominant ligand. Remaining
difference map peaks were consistent with the presence of a
minor population of fG1P (with the 1-phosphate in the distal
site); however, because of poor connectivity at this resolution,
PGIP was not modeled into the structure. Crystals from the
same drop with the same morphology harvested after 12 weeks
contained only SG16BP bound in the alternate orientation
with the 1-phosphate group located in the proximal site and
the 6-phosphate group bound in the distal site
(PPGMp,n:P1G6P complex).

Steady-State Kinetic Assays. Steady-state kinetic assays for
PPGMyyt and substrate-free fPGMp, oy were conducted at 294
K using a FLUOstar OMEGA microplate reader (BMG
Labtech) in 200 mM K* HEPES buffer (pH 7.2) containing S
mM MgCl, and 1 mM NaNj in a 200 uL reaction volume. The
rate of G6P production was measured indirectly using a
glucose 6-phosphate dehydrogenase (G6PDH) coupled assay,
in which G6P is oxidized and concomitant NAD" reduction is
monitored by the increase in absorbance at 340 nm (NADH
extinction coefficient = 6220 M™' cm™'). BPGMy; and
substrate-free fPGMp,oy stock concentrations were deter-
mined using a NanoDrop OneC® spectrophotometer (Thermo
Scientific) and diluted accordingly (SPGM extinction co-
efficient = 19940 M~ cm™"). For the determination of k, and
K., values, the reaction was initiated by the addition of 10 mM
AcP to solutions of 0.5 mM NAD* and $ units mL™' G6PDH
containing either S nM SPGMyr or 500 nM substrate-free
BPGMyp, oy and variable concentrations of #G1P (S, 15, 35, 50,
70, 100, 160, 230, 330 uM). The linear steady-state portion of
G6P production was fitted using a linear least-squares fitting
algorithm to determine the reaction velocity (v) at each fG1P
concentration. Data were subsequently fitted to the standard
Michaelis—Menten equation to derive k, and K, values using
an in-house python nonlinear least-squares fitting algorithm.
Errors were estimated using a python bootstrap resampling
protocol and are presented at one standard deviation. For the
fluoride inhibition experiments monitored using the G6PDH
coupled assay, the reaction was initiated by the addition of 10
mM AcP to solutions of 230 uM SGI1P, 0.5 mM NAD" and §
units mL™" G6PDH containing either 5 nM SPGMyyy or 500
nM substrate-free fPGMp,oy and variable concentrations of
NaF (0, 1, 2, 3, 5, 7, 10 mM). The linear steady-state portion
of G6P production was not used for the analysis of fluoride
inhibition as AG16BP formation during the reaction out-
competes fluoride inhibition.”' The presence of increasing
levels of fluoride in the reaction buffer extends the lag phase
prior to achieving steady-state kinetics, the duration of which
was estimated using a first derivative approach. The time point
at which the maximum value was reached in the first derivative
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vs time plot for each reaction containing fluoride was
normalized against the time point for the reaction in the
absence of fluoride. A line of best fit for the normalized values
vs fluoride concentration was determined using a polynomial
function.

Bl RESULTS

Recombinant fPGMp, oy Copurifies in Complex with
PG16BP. PPGMp, gy was produced and purified as for
BPGM,y with slight modifications to published proce-
dures.**° A 3'P NMR spectrum demonstrated that, unlike
BPGMyyy, PPGMp,gy copurifies with tightly bound phos-
phorylated glucose ligands (Figure 2A). Four *'P resonances
are observed, two with chemical shifts corresponding to a 1-
phosphate group and two to a 6-phosphate group of glucose.
The ratio of intensities of the resonances suggests that the
phosphate groups are paired, consistent with the population of
two complexes. Ligand extraction was achieved by the removal
of heat-denatured SPGMp,oy (2 min at 80 °C) using
centrifugation followed by membrane filtration of the super-
natant. *'P and '"H”C HSQC NMR spectra indicated that a
single ligand had been isolated, which revealed that both
complexes contained the same phosphorylated glucose species
(Figure S1A,C,D and Figure S2B in the Supporting
Information). The ligand was identified as SG16BP (the
reaction intermediate, Figure 1A) by comparison with
synthetic a- and f-glucose 1,6-bisphosphate species (Figure
S1E and Figure S2A). The high affinity of fPGMjp gy for the
PG16BP intermediate is predictable because kinetic data for
PPGMyyr has identified that fG16BP is the tightest binding
species of the native substrates, with K, = 0.63 uM® and K, =
0.72 M. Substitution of aspartate with asparagine at residue
10 is likely to increase the binding affinity of SPGMyp,oy for
PG16BP since the deprotonated D10 side chain in fPGMyyr
does not satisfy charge balance®® within the complex.
Substrate-free fPGMp,gy was prepared from the copurified
PPGMpon:PG16BP complexes by unfolding the recombinant
protein in 4 M guanidine hydrochloride together with a 200-
fold dilution of the ligand using buffer exchange and
subsequent refolding of fPGMp,oy (Figure S1B). A compar-
ison of the "H'SN TROSY spectra of substrate-free fPGMp,ox
and SPGMyyr indicated that SPGMp,gy adopts a native
conformation following refolding (Figure S3A).

Substrate-Free fPGMp, oy Readily Forms a Transient
Phospho-Enzyme. pPGM; can be phosphorylated to
generate SPGMyy1" by a number of priming agents, including
not only SG16BP (Figure 1A) but also aG16BP, G6P, and
acetyl phosphate (AcP).'”*° In order to establish whether
PPGMp, ox could be similarly phosphorylated, incubation of 1
mM substrate-free JPGMp,oy With 20 mM AcP was followed
using a time course of "H'*N BEST-TROSY spectra®>** with 6
min time resolution (Figure 2B). The initial spectra overlaid
closely with a "H'N TROSY spectrum of the fPGMpoy:BeF;
complex, which is an analogue of SPGMp 4" prepared using
conditions described Previously for the PPGMy:BeF;
complex (Figure S3B).>* This established that SPGMyp, oy is
generated during the 6 min dead-time of the time course. After
98 min, the 'HN BEST-TROSY spectrum had reverted
entirely to that of substrate-free fJPGMp,qy. Monitoring the
same reaction using *'P NMR spectra, the hydrolysis rate
constant for SPGMp,on" was determined to be 0.020 =+ 0.002
s™! (Figure S3C). The equivalent rate constant for SPGMyyr”
under the same conditions is only 3 fold greater (0.060 +
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Figure 2. NMR spectra and reaction kinetics of SPGMp . (A) *'P
spectrum of SPGMp, oy immediately following purification showing
four *'P peaks (5.17, 5.08, 2.01, and 1.30 ppm) consistent with the
population of two noncovalently bound SPGMp,qy:fG16BP
complexes (ratio 6:5). Resonances at ~5 ppm and 1-2 ppm
correspond to 6-phosphate and I1-phosphate groups of SGI16BP,
respectively. (B) Overlay of a section of 'H'*N TROSY spectra for a
range of fPGMp,oy complexes: (black) substrate-free SPGMpox;
(pink) SPGMypgy:BeF; complex; (red) SPGMp, o' — 'H'SN BEST-
TROSY spectrum started 6 min after addition of 20 mM AcP to
substrate-free SPGM)pqy; (gray) substrate-free SPGMp,oy — "H®N
BEST-TROSY spectrum started after a further 92 min by which time
AcP has been depleted and fPGMp,oy" has reverted to substrate-free
BPGMp, oy (the small shift in peak positions is caused by an increase
in inorganic phosphate concentration); (magenta) SPGMpo\" as
major species — "H'>N BEST-TROSY spectrum started 6 min after
addition of 10 mM G6P and 20 mM AcP to substrate-free
BPGMp,oy; (blue) SPGMp,on:fGL6BP complexes — "H'N BEST-
TROSY spectrum started after a further 145 min by which time AcP
has been depleted and the SJPGMp,(y:fG16BP complexes dominate
in solution. The arrows indicate progression for the assigned residues
from (black) substrate-free SPGMp oy to (magenta) SPGMp,ox" to
(blue) the SPGMp;on:SG16BP complexes. (C and D) Michaelis—
Menten plots showing the dependence of the reaction velocity (v) for
S nM SPGMyy (black circles; n = 3) and 500 nM substrate-free
BPGMp, oy (red circles; n = 3) on the initial JGIP concentration,
monitored using a glucose 6-phosphate dehydrogenase coupled assay.
Data were fitted to the standard Michaelis—Menten equation to
derive k., and K, values and the line of best fit is shown for f/PGMy
(gray) and substrate-free SPGMp, gy (pink).

0.006 s7'), indicating that the proposed general acid—base
(D10) has little involvement in the attack of SPGM" by water.
Attempts to crystallize the metastable species SPGMp,oy" were
unsuccessful. However, the SPGMp,on:BeF; complex was
crystallized and the structure was determined to 1.3 A
resolution (PDB SQOJZ; Figure 3A,G, Figure S4A, and Table
S1). The cap and core domains were in a predominantly open
conformation, as in the SPGMyr:BeF; complex (PDB
2WFA;* non-H atom RMSD = 1.06 A), and the side chain
of residue N10 was in the out position (Figure 1B), thereby not
positioned to contribute to the nucleophilic attack of
BPGMp 4" by water. The close similarity of "H'*N TROSY
spectra between SPGMyr:BeF;, SPGMp on:BeF; and
BPGMp, oy’ indicates that these structural features are
common to all three species in solution.

Substrate-Free pPGMp,,y Preparation Has Mutase
Activity. In addition to substrate-free SPGMp,oy having
similar levels of phosphatase activity to SPGMyr, the
substrate-free SJPGMy, gy preparation was also found to have
mutase activity. The standard glucose 6-phosphate dehydro-
genase coupled assay”'”"® was used to monitor conversion of
PGIP to G6P using AcP as the priming agent. The kinetic
profile displayed the characteristic lag phase for f/PGM (Figure
$31)),* and a simple steady-state Michaelis—Menten analysis
of the linear portion (Figure 2D), yielded values for k., of 0.15
+ 0.01 s™' and K,, of 150 + 12 uM. Measurements under the
same conditions for fPGM,yr (Figure 2C), yielded values of
24.5 + 0.7 s and 92 + 6 uM, respectively; minor levels of
inhibition by the priming agentlmo is a likely source of the
slightly different values determined here compared with some
reported previously for SPGMyyr.”* Contaminating E. coli
PPGMyyr is unlikely to be the source of mutase activity in the
substrate-free fPGMp gy preparation as there is no equilibra-
tion of fG1P with G6P over a similar time frame by SPGMpgy
(Figure S3D), which has identical chromatography retention
characteristics to SPGMp,gy. To investigate whether the
activity of the substrate-free JPGMp oy preparation was the
result of recovery by acetate (derived from AcP hydrolysis)
substituting for the general acid—base, the equilibration of
PGIP with G6P was primed with fG16BP rather than AcP
(Figure S3E). Mutase activity was again observed (with a
slightly larger rate constant, k. = 0.6 s™', as there is no
inhibition when SG16BP is used as the priming agent) and
thus acetate was not playing a significant role in recovery of
activity. In contrast, it has not been possible to eliminate low
levels (~0.6%) of contaminating L. lactis f/PGMyy as the
source of mutase activity because the measured K, values, and
degree of inhibition by inorganic phosphate (Figure S3F) and
by fluoride (Figure S3G) are not sufficiently different between
the substrate-free fPGMp oy preparation and fPGMyyr. Low
levels of JPGMyyr can potentially be formed by translational
mis-incorporation or by deamidation of SPGMp,qy during
refolding, where the N10-G11 sequence will have elevated
susceptibility.”’ However, it is difficult to rationalize the
dominant effect arising either from translational mis-incorpo-
ration, when an increase in mutase activity is observed
following SG16BP removal (k. = 0.002 s for copurified
BPGMp on Vs keye = 0.2 57" for the substrate-free SPGMpon
preparation), or from deamidation, when only a 2-fold increase
in activity is observed following 2 h vs 48 h incubation with 4
M guanidine hydrochloride prior to refolding (Figure S3K,L).

Substrate-Free fPGMp,oy Slowly Reforms Stable
PG16BP Complexes. In order to establish that the
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Figure 3. Overviews of the active sites and the extent of domain closure in the SPGMp, oy complexes. The active sites of (A) SPGMp,on:BeF,;
complex (PDB SOJZ), (B) SPGMp,on:P1G6P complex (PDB SOKI1), (C) SPGMp,;on:AlF,:G6P complex (PDB SOK2), (D) copurified
PPGMpon:P1G6P complex (PDB SO6P), (E) fPGMp,n:P6G1P complex (PDB SOKO) and (F) SPGMp,on:AlF,:H,0:G1P complex (PDB
SOGR). Selected active site residues and ligands are shown as sticks in standard CPK colors, with beryllium (light green), fluorine (light blue),
aluminum (dark gray), fG16BP (teal carbon atoms; with C1 and C6 labeled for clarity), G6P (purple carbon atoms) and SGIP (gold carbon
atoms). Structural waters (red) and the catalytic Mg" ion (green) are drawn as spheres. Orange dashes indicate hydrogen bonds and black dashes
show metal ion coordination. The extent of domain closure is shown in (G) SPGMp,oy:BeF; complex (PDB SOJZ), (H) fPGMp,on:P1G6P
complex (PDB SOK1) and (I) SPGMp,oy:AlF,:G6P complex (PDB SOK2). The protein backbone of SPGMp,y is depicted as a ribbon, with the
core (red) and the cap (green) domains indicated and the ligands shown as sticks and spheres (colored as above). The pale gray ribbons indicate
the open fPGM,y structure (PDB 2WHE?’) and the fully closed PPGMyy1:MgF;:G6P TSA complex (PDB 2WE5™) superposed on the core
domains to show the extent of domain closure in the fPGMy, gy complexes.

substrate-free fPGMp,oy preparation was capable of recon- S1). In this structure, JG16BP is bound in a single orientation,
stituting the SPGMp,on:fG16BP complexes in situ, the with the 1-phosphate in the proximal site and the 6-phosphate
equilibration of 10 mM SG1P with G6P (and vice versa) by in the distal site, and is hence termed the fPGMpon:P1G6P

1 mM substrate-free SPGMp,qy in the presence of 20 mM AcP complex. This structure mimics the active site conformation
was monitored using a time course of '"H'*N BEST-TROSY immediately preceding phosphoryl transfer from SG16BP to
spectra with 6 min time resolution (Figure 2B). At this BPGM in Step 2 (Figure 1A). This conformation requires a
concentration of substrate-free fJPGMp;on, SGIP and G6P protonated general acid—base and its surrogate, N10, forms a

were fully equilibrated (via fG16BP, Figure 1A) in the 6 min hydrogen bond through its side chain amide group to the
dead-time of the time course, and the initial enzyme species bridging oxygen of the 1-phosphate of SGL6BP. The I-
observed was SPGMp, o\’ SPGMp,oy" was slowly replaced phosphorus atom is positioned in-line for attack by D8 atom
(kops = 5 X 107*s7") by two conformationally distinct species 061 (O—P-0 angle = 170°) with a donor—acceptor oxygen
(Figure SS), that reproduce the *P NMR spectrum of the atom separation of 4.6 A and a nucleophile-phosphorus
copurified SPGMp,on:fG16BP complexes (Figure 2A). When distance of 3.0 A, which is inside the sum of the van der Waals
20 mM AcP and 10 mM pSGIP were added to the radii for these two atoms (3.3 A) (Figure 3B).”> The donor—

reconstituted SPGMp;on:fG16BP complex preparation, the acceptor oxygen atom separation is larger than is observed in
rate constant of equilibration was within error of that of the TSA complexes containing AIF,” (3.9 A; PDB 2WF6) and
original substrate-free SPGM)p, oy preparation (Figure S3H). MgF,~ (4.3 A; PDB 2WF5 %) and in some DFT models of the

Nucleophile in the APGMp,o\:P1G6P Complex Is TS for this chemical step in f/PGMyry, (42 A''; 4.4 A'?). A
Aligned for Attack. The SPGMp,on:fG16BP complexes copurified fPGMp,on:fG16BP complex was also crystallized

were explored using X-ray crystallography to compare their and the structure was determined to 2.2 A resolution (PDB
structures with those of metal fluoride analogue com- SO6P; Figure 3D, Figure S4C and Table S1). In this structure,
plexes.””?%*3 A reconstituted SPGMp,oy:fG16BP complex PGI16BP is bound in the same orientation as that present in the
was crystallized and the structure was determined to 1.9 A reconstituted SPGMp,o:P1G6P complex and the two

resolution (PDB SOK1; Figure 3 B,H, Figure S4B and Table complexes overlay closely with a non-H atom RMSD = 0.43
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A (Figure S6 and Table S2). The active site arrangement
present in both fPGMp,,:P1G6P complexes conforms to the
definition of an aligned NAC,***® where atomic distances and
geometries lie close to those of TS models.”® Given the close
similarity between the complexes, the structure of the
reconstituted SPGMp,on:fG16BP complex will be used in
the comparisons described below.

PPGMp;on:P1G6P Complex Is Not Fully Closed. In
contrast to all deposited metal fluoride analogue SPGM
structures, the alignment of the nucleophile in the
PPGMpon:P1G6P complex is satisfied without full closure of
the enzyme (Figure 3 B,H and Table S2). Compared to the
PPGMy1:MgF;:G6P TSA complex (PDB 2WE5*°), the
relative orientation of the cap and core domains undergoes a
rotation of 13° and there are significant changes in the
hydrogen bonding network within the vicinity of the general
acid—base residue. N10 donates a hydrogen bond to fG16BP
(through atom N§&2), while simultaneously accepting a
hydrogen bond (through atom OG&1) from the backbone
amide NH and the side chain OH groups of T16. Crucially,
residue T16 dictates the relative degree of closure of the cap
and core domains,®** and in the SPGMpon:P1G6P complex
the conformation of T16 is near the midpoint of the transition
between the substrate-free SPGMyr and the
PPGMyy1:MgF3:G6P TSA structures. The inference is that
van der Waals contact between the attacking nucleophile and
the 1-phosphorus atom of SG16BP in the fPGMp,g:P1G6P
complex, resists a donor—acceptor oxygen atom separation of
less than 4.6 A, the effect of which propagates through the
structure to prevent the TS hydrogen bonding organization
and full domain closure from being established." ~'*?°
Moreover, asymmetrical electron density for the catalytic
Mg" ion in the SPGMp,o:P1G6P complex shows clear
evidence of a deviation from optimal octahedral coordination
geometry (Figure S7A), with elongation of distances and
distortion of angles, that is not observed in metal fluoride-
based ground and transition-state-analogue complexes of
PBPGM. This result implies that a competition exists in Mg"
ion coordination between the oxygen atom of the 1-phosphate
group of G16BP (O — Mg" = 2.0 A) and the carboxylate
oxyanion of residue D170 (O — Mg" = 2.6 A). The
equilibrium position of the Mg" ion lies toward coordination
by the phosphate oxygen atom, which is expected to have a
higher anionic charge density, with subsequent compromising
of coordination by enzymatic oxygen and oxyanion ligands.
Together, these observations illustrate the interdependency
between donor and acceptor atom separation, optimal
hydrogen bond organization, optimal catalytic Mg" ion
coordination, and full domain closure to achieve TS
architecture.

PPGMp,on:AlF4:G6P TSA Complex Is Fully Closed. In
order to establish that the antagonism of full closure in the
PPGMp;on:P1G6P complex was not simply an artifact of the
aspartate to asparagine substitution, the SPGMy,oy:AlF,:G6P
TSA complex was crystallized and the structure was
determined to 1.1 A resolution (PDB SOK2; Figure 3 C),
Figure S4D and Table S1). This complex superimposes very
closely with the SPGMy:AlF,:G6P TSA complex (PDB
2WF6; non-H atom RMSD = 0.13 A) and it binds G6P with
the 6-phosphate in the distal site and the square planar AlF,~
moiety mimicking the transferring phosphoryl group in the
proximal site between D8 (atom O81) and the 1-OH group of
G6P.>* The donor—acceptor distance and angle of alignment
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are identical to those in the SPGMyy1:AlF,:G6P TSA complex
(3.8 A and 173°, respectively). However, a comparison of the
hydrogen bonding arrangements between D10/N10 and the 1-
oxygen of G6P in the BPGM,yy:AlF,:G6P TSA and the
PPGMpon:AlF,:G6P TSA complexes reveals a difference in
the identity of the proton donor and proton acceptor. Whereas
in the SPGMy:AlF,;:G6P TSA complex, the transferring
proton is bonded to the 1-OH group of G6P and is
coordinated by the anionic carboxylate group of the general
acid—base, the analogous hydrogen bond in the
PPGMpn:AlF,:G6P TSA complex has the side chain NH,
group of N10 coordinated by what is likely to be the
deprotonated 1-oxygen of G6P. Owing to the ability of the
active site to accommodate the D10 to N10 substitution, the
PPGMp oy variant is capable of full domain closure with
concomitant formation of TS geometry.

PPGMp;0n:P6G1P Complex Closely Resembles the
PPGMp;on:P1G6P Complex. While crystals harvested after
12 weeks consisted exclusively of the PSPGMp,\:P1G6P
complex, a crystal with the same morphology harvested from
the same drop after only 1 week yielded a 2.2 A resolution
structure of a different complex. While the resolution of the
structure was limited, the electron density clearly showed that
the structure contained SG16BP bound in the alternate
orientation, with the 6-phosphate in the proximal site and
the 1-phosphate in the distal site, and is hence termed the
PPGMpon:P6GIP complex (PDB SOKO; Figure 3E, Figure
S4E and Table S1). Overall, the orientation of fG16BP does
not have a strong influence on the degree of domain closure in
the SfPGMpon:fG16BP complexes (non-H atom RMSD =
0.34 A). The relative orientation of the cap and core domains
compared to the SPGMp,oy:AlF,:G6P TSA complex have
rotations of 13° (SPGMp,on:P1G6P) and 14°
(BPGMp,:P6G1P) (Table S2). The BPGMpon:P6G1P
complex can again be defined as an aligned NAC (O—P-0O
angle = 176°, a donor—acceptor oxygen atom separation of 4.7
A and a nucleophile-phosphorus distance of 3.1 A) and the
hydrogen bonding of residue N10 is analogous to that present
in the SPGMp,on:P1G6P complex. There is also a direct
hydrogen bond present between the side chain OH group of
$52 and the 3-OH group of fG16BP in the SPGMyp,n:P6G1P
complex, whereas in the fJPGMp,n:P1G6P complex, hydro-
gen bonding between fG16BP and the protein is mediated by
two water molecules (Figure S8), as observed previously in
TSA complexes involving G6P and p-glucose 1-phospho-
nates."” Hence, alignment of the fGI6BP intermediate is
achieved in both fPGMp,n:fG16BP complexes without full
closure of the enzyme.

PPGMp,on:AlF4:H,0:6G1P Complex Is Partially Open.
The structure of the SPGMp,n:AlF,:fGIP complex was
investigated to ascertain if it behaved analogously to the
PPGMp\:AlF,:G6P TSA complex, thus providing a direct
comparator for the SPGMp,o:P6GIP complex. The crystal
structure of the SPGMp,on:AlF,:G1P complex was deter-
mined to 1.4 A resolution (PDB SO6R; Figure 3F, Figure S4F
and Table S1). Surprisingly, the structure did not resemble that
of the fully closed fPGMyy1:AlF,:G6P TSA complex (PDB
2WF6), but instead the protein atoms superimposed almost
exactly with the partially open SPGMp;on:P6G1P complex
(non-H atom RMSD = 0.33 A). Uniquely in fPGM structures,
electron density consistent with a water molecule occupying an
axial ligand position of the AIF,” moiety (instead of the 6-
oxygen of JGIP) was present, with D8 still occupying the
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other axial position, and this structure is hence termed a
PPGMpon:AlF:H,0:GIP complex. The water molecule
satisfies the demands of the AIF,” moiety for octahedral
coordination while allowing the cap domain and hydrogen
bonding pattern between N10, T16 and D15 to adopt that of
the fPGMp,on:P6G1P complex. The side chain NH, group of
N10 remains hydrogen bonded to the 6-OH group of fG1P
rather than switching to the water molecule, despite the 6-OH
group of SG1P being located further from D8 (6-OH — O61 =
5.7 A), compared with the 6-oxygen of BSG16BP in the
BPGMpo\:P6GIP structure (6-O — OS5l = 4.6 A). This
structure implies that there is greater resistance to the
formation of the fully closed fPGMp,on:AlF,~ TSA complex
with AGIP than with G6P. In contrast to the apparent
deprotonation of the l-oxygen of G6P in the
PPGMp\:AlF,:G6P TSA complex, deprotonation of the 6-
OH group of PGIP appears not to be the preferred
arrangement in the SPGMp,on:AlF,:fG1P complex, correlat-
ing with the ~3 unit difference in solution pK, values for the
two hydroxyl groups.>*

PPGMp,o\:P1G6P Complex Dominates in Solution.
The crystal structures of the SPGMp,on:fGL6BP complexes
with the intermediate bound in the two orientations presents a
rationale for the nonequivalent complexes observed in solution
using *'P and 'H"N TROSY NMR approaches (Figure 2A
and Figure SS). In the SPGMp,n:P1G6P complex (Figure
3B), there is close proximity between H4 of fG16BP and the
imidazole group of residue H20, which should result in a
marked upfield chemical shift change of the H4 resonance
through aromatic ring current effects. In the
PPGMpon:P6GIP complex (Figure 3E), this chemical shift
change should instead be experienced by the H3 resonance
because of the change in orientation of the fG16BP ligand. To
investigate the two fPGMp,on:fG16BP complexes in solution,
"H"C HSQC and CCH-TOCSY spectra were acquired using
1:1 fPGMp,oy and 100% U-"C-$G16BP (Figure S2C). In
both fPGMpn:fG16BP complexes, only the H4 resonance of
PG16BP is shifted markedly upfield on binding (A8 = 1.05 and
1.18 ppm), while the H3 resonance of SGI16BP is shifted
slightly downfield (AS = 0.08 and 0.14 ppm). Together, these
results indicate that the bound orientation of fG16BP is the
same in the two solution forms, thus identifying both as
PPGMpon:P1G6P complexes. The dominance of
PPGMp,on:P1G6P over SPGMp,on:P6GIP complexes in
solution mirrors the relative dissociation constants for G6P
(9 uM) and SGIP (46 uM) in the SPGMy:AlF,~ TSA
complexes.'’

BPGMp,0:P1G6P Complex Has Weak Mg" Affinity.
The source of the difference between the two solution
PPGMpon:P1G6P complexes was investigated using NMR
backbone resonance assignment. All 210 of the nonproline
residues were assigned, of which 115 showed more than one
spin system. No significant structural differences were
identified upon calculation of dihedral angles using TALOS-
N* (Figure SSE,F). Residues with the largest chemical shift
differences between the two complexes were principally
located within the active site (Figure S5G). For "N, these
comprise L9 (—2.29 ppm), V47 (—2.1S ppm), V141 (-2.78
ppm), and D170 (—2.16 ppm), for '*C’, N10 (—2.69 ppm)
and D170 (—1.74 ppm), for *Ca, D8 (0.81 ppm), N10
(—0.86 ppm) and S144 (—0.90 ppm), and for *Cp, K45
(—0.80 ppm) and S171 (—0.93 ppm) (Figure SSA,B).
Residues N10 and D170 are involved with the ligation of the
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catalytic Mg" ion, suggesting that changes in this coordination
may be responsible for the chemical shift differences observed.
To investigate, an Mg"-free form of the SPGMp,on:P1G6P
complex was prepared and the 'HN-TROSY spectrum
corresponded to one of the assigned SPGMp,on:P1G6P
complexes, while addition of Mg" resulted in the other.
Overall, the backbone chemical shift differences between the
Mg"-bound and Mg"-free SPGMp:P1G6P complexes are
reminiscent of those between the SPGMy:MgF;:G6P TSA
complex (BMRB 7234%°) and the Mg'"-bound
PPGMpon:P1G6P complex in terms of the residues involved,
but are smaller in magnitude (Figure SSC,D). Using changes in
'"H*N-TROSY peak intensities on addition of Mg" to the
Mg"-free SPGMp,on:P1G6P complex, the dissociation con-
stant for Mg" binding was determined to be 7.1 + 0.6 mM
(Figure S7B,C), consistent with the initial purification of the
PPGMpon:P1G6P complexes being a mixture of Mg'-bound
and Mg''free forms in the presence of 5 mM MgCl,. In
contrast, all metal fluoride analogue complexes of JPGM exist
in solution as Mg"-bound species at this concentration of
MgCl,. The changes in the *'P NMR chemical shifts between
the Mg"-bound and Mg"-free SPGMp,o:P1G6P complexes
(1-phosphate = +0.71 ppm, 6-phosphate = —0.09 ppm) are
small compared with those associated with protonation of
PGI1P (—3.4 ppm) or G6P (—3.6 ppm) (Figure 2A and Figure
S1 F—K), indicating that Mg" binding is not influenced
significantly by protonation of either phosphate group. Rather,
the surprisingly low affinity for Mg at this point on the
reaction coordinate correlates with its suboptimal coordination
geometry in the structure of the SPGMp,on:P1G6P complex
(Figure S7A), in contrast to the regular Mg" coordination
geometry observed in the BPGMp,oy:BeF; and
PPGMpon:AlF:G6P TSA complex structures.

B DISCUSSION

A unique behavior of the fPGMp oy variant is that, unlike all
other forms of f/PGM examined to date, it copurifies as tight,
noncovalently bound fPGMpn:fG16BP complexes. Effective
removal of the bound fG16BP reaction intermediate required
an unfolding-dilution-refolding approach. When challenged
with substrate in the presence of excess AcP, the substrate-free
PPGMp, oy preparation equilibrates fG1P and G6P, with
BPGMp, oy’ maintained as the primary enzyme species. On
depletion of AcP, the enzyme population shifts slowly to the
PPGMpon:P1G6P complex becoming the dominant species.
In this complex, the 1-phosphate group of fG16BP is aligned
with the carboxylate oxygen atom of D8, and the side chain of
N10 is shifted to the in position, where it forms a hydrogen
bond with the bridging 1-oxygen atom of SG16BP. The
enzyme is now caught in the act of phosphoryl transfer,
geometrically close to the TS, but unable to complete the
reaction (or at least overwhelmingly favoring the 1-phosphate
group being bonded to G6P), as N10 will not release the
proton hydrogen bonded to the bridging oxygen atom.

The DFT calculations of SPGMyy reflect enzymatic
phosphoryl transfer reactions in general” in that the point at
which proton transfer occurs is controversial. Two SPGMyyr
models predict that, when D8 attacks fG16BP in Step 2,
proton transfer to fG16BP occurs prior to TS formation, and
in the TS there is a donor to acceptor atom separation of 4.2
A" or 4.4 A" In a third model, proton transfer is synchronous
with TS formation involving a donor to acceptor atom
separation of 4.0 A,*® while in a fourth model, proton transfer
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Ground State

Transition State

Figure 4. Schematic showing the conformational changes required for ground state to transition-state progression in fPGM. Despite van der Waals
contact between the attacking nucleophilic carboxylate oxygen atom of D8 and the 1-phosphorus atom of SG16BP in the ground state
SPGMp,;on:P1G6P complex (PDB SOK1), the hydrogen bonding organization of the transition state is not attained. A shift in hydrogen bonding
partners between T16 and D10 is required to allow positional changes in both side chains, which delivers the protonated general acid—base to the
bridging oxygen atom of SG16BP. Following proton transfer, further compression along the donor—acceptor oxygen atom trajectory occurs,
establishing the conformation of the transition state (model derived from the SPGMy:MgF;:G6P TSA complex; PDB 2WF5?). Selected active
site residues and ligands are shown as sticks in standard CPK colors, with a structural water (red) and the catalytic Mg" ion (green) drawn as
spheres. Large translucent spheres represent van der Waals radii for the oxygen and phosphorus atoms of the transferring phosphoryl group.

to fG16BP occurs after TS formation, and in the TS there is a
donor to acceptor atom separation of 5.0 A."* The experiment
supports the predictions of the first two models, as the
BPGMpon:P1G6P complex rather than the SPGMp,\":G6P
complex is trapped and, without proton transfer, the donor to
acceptor atom separation is held at 4.6 A Intriguingly, in the
4.4 A TS model,"” a compression of the donor to acceptor
atom separation to less than 4.6 A is associated with the start of
proton transfer from D10 to SGL6BP. Moreover, with the
donor to acceptor atom separation being held at 0.2—0.4 A
greater than that in the TS, the two domains of f/PGM do not
complete their closure. Full closure, including the hydrogen
bonding of T16 and N10/D10 found in the TS, is only stable
when there is compression of the reaction coordinate to below
the van der Waals contact distance, as mimicked by the TSA
complexes (AIF,” = 3.9 A, PDB 2WF6; MgF;~ = 4.3 A, PDB
2WF5™) (Figure 4). Corroboration of the partial closure of
the SPGMpoy complexes is also present in the solution
ensembles, where residues of the hinge in the
PPGMpon:P1G6P complex lie in an intermediate position
between the open and the TSA conformations, and residues
D15 and T16 fail to achieve the hydrogen bond arrangement
in the TS model (Figure S9). Together, these observations
illustrate the complementarity between the TS and the optimal
hydrogen bonding of the fully closed enzyme in the TSA
conformation, as opposed to the partially open ground state
PG16BP complex, and thus a means by which the enzyme
discriminates between the TS (binding it tightly enough to
have a sufficiently fast chemical step) and product (binding it
weakly enough that it does not dissociate too slowly).

The rate constant for hydrolysis of the phospho-enzyme is
almost unaffected by the D10N mutation. This result is readily
rationalized if hydrolysis occurs with residue 10 in the out
position, as observed for N10 in the fPGMp,oy:BeF; complex
(PDB 5OJZ) and D10 in the fPGMyy:BeF; complex (PDB
2WFA™). Previously, it had been proposed that D10 was
engaged in the hydrolysis reaction of SPGMy* on the basis of
a rate acceleration by the mutated hinge variant SPGMyygp.”
However, this mechanism is not dominant in fPGMyy; the
water molecule that attacks the phosphate group during
hydrolysis must at least as readily transfer a proton to an

ancillary base as to residue 10. The identity of the ancillary
base remains to be established but the oxygen atoms of the
transferring phosphoryl group (via one or more water
molecules) are strong local candidates. However, the base
may be another residue in SJPGMyy (except for residue H20%)
or the buffer, via extended hydrogen bonded networks
involving multiple water molecules.

While the fPGMp, oy’ hydrolysis rate constant cannot be
rationalized by a contaminant within the substrate-free
PPGMp oy preparation, fPGMp,oy is not unequivocally the
source of the observed mutase activity. However, similarly to
the phospho-enzyme hydrolysis reaction, it is plausible that
proton transfer to the incipient hydroxyl group of G6P or
BGIP (as the 1- or 6-phosphoryl group of fG16BP transfers to
residue D8) is delivered from an ancillary acid by a water
molecule. In a model of the fPGMp,o:P1G6P complex with
N10 moved to the out position (Figure S10), the two water
molecules that occupy the space vacated by the side chain of
N10 comprise part of an extended hydrogen bonded network,
involving active site residues H20, K76, Y80 and the phosphate
group in the distal site, and reaching to bulk solvent. Any one
of these groups or the buffer (or even potentially the
phosphate group in the proximal site) could act as the ancillary
acid via one or more water molecules, allowing low level
mutase activity to occur in fPGMpg-

Regardless of the source of the mutase activity, the
replacement of D10 with N10 leads to at least a ~ 350 fold
(Figure S31J) reduction in activity. Consequently, the primary
effect of introducing the general acid—base into fJPGMyyy is to
elevate the rate of substrate turnover to ~10° fold (Figure
S3C/I) greater than the rate of phospho-enzyme hydrolysis,
enabling the enzyme to discriminate reaction with substrate
over reaction with water. This ensures that JPGM is primarily
a mutase rather than a phosphatase.

The copurified SPGMp,on:SG16BP complexes are present
as a near-equimolar mixture of Mg"-bound and Mg"free
PPGMpon:P1G6P complexes in standard NMR buffer (S mM
Mg"). This reflects the surprisingly low affinity of these
complexes for Mg" (Ky = 7.1 mM) compared with the
apparent K, = 270 uM for Mg" in the reaction involving
SPGMyyy,"” and is similar to the physiological concentration of
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Mg" for L. lactis (~7 mM*’). The conclusion is that SG16BP
binding leads to a suboptimally coordinated catalytic Mg" ion
until full closure is achieved. More optimal coordination of the
catalytic Mg" ion is found in structures that include the 0.2—
04 A reduction in donor to acceptor atom separation
associated with the formation of experimental TSA complexes
and in DFT models of the TS. In a different class of
phosphoryl transfer enzymes, the catalytic Mg" ion has been
identified to play a role in the rate of lid opening during the
reaction cycle of adenylate kinase,”® as well as reducing
nonproductive active site fluctuations, stabilizing TS architec-
ture, and serving as an anchor to stabilize the nucleophilic
phosphate group. In SPGM, rather than acting as a pivot for
opening, it appears that the catalytic Mg" ion is favoring TS
binding and disfavoring substrate binding by forming a looser
association with its ligands as the TS relaxes to ground state
complexes.

Bl CONCLUSIONS

The employment of an aspartate to asparagine substitution of
the assigned general acid—base of SPGM allowed the
examination of stable enzyme:substrate complexes through
the ability of SPGMp,n to trap the SGI6BP reaction
intermediate in situ. Unlike previous structures determined
for substrate, transition state, and product analogue complexes
involving fG1P and G6P, the fG16BP complex achieves both
alignment and contact of the attacking nucleophile with its
target but without full closure of the enzyme. This reveals the
interplay between compression of the reaction coordinate to
below the van der Waals contact distance and the protein
conformation that supports the transition state for the
chemical step. The coordination of the catalytic Mg" ion is
an important element of this interplay on the one hand by
complementing the transition state and on the other by
facilitating the release of the reaction intermediate on an
appropriate time scale.

Bl ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acscatal.8b01612.

3p, 'TH¥C HSQC and 'HN TROSY NMR spectra;
PPGM reaction kinetics, electron density difference and
omit maps for the JPGMp,oy complexes; diagrams of
chemical shift differences and backbone dihedral angles;
superposition of the SPGMp,o:P1G6P complexes;
coordination and binding affinity of the catalytic Mg"
ion in the APGMp;on:P1G6P complex; active site
coordination in the SPGMpon:#G16BP complexes;
comparison of backbone amide chemical shifts in the
PPGMp on complexes; model of the potentially catalyti-
cally competent form of the SPGMp,on:fP1G6P
complex; tables of X-ray data collection and refinement
statistics; and pairwise domain rotations between the
BPGM complexes (PDF)

Accession Codes

The atomic coordinates and structure factors have been
deposited in the Protein Data Bank (www.rcsb.org) with the
following codes: BPGMp,on:BeF; complex (PDB SOJZ),
PPGMpon:P1G6P complex (PDB SOKI1), copurified
BPGMp on:P1G6P complex (PDB SO6P), APGMnp,on:P6G1P
complex (PDB SOKO), SPGMp,o\:AlF,:G6P complex (PDB

8151

SOK2) and PPGMp,oy:AlF,:H,0:4G1P complex (PDB
SO6R). The NMR chemical shifts have been deposited in
the BioMagResBank (www.bmrb.wisc.edu) with the following
accession numbers: Mg"-bound SPGMp,oy:P1G6P complex
(BMRB 27174) and Mg"-free SPGMpon:P1G6P complex
(BMRB 27175).

Bl AUTHOR INFORMATION

Corresponding Author

*E-mail for J.P.W.: j.waltho@sheflield.ac.uk.
ORCID

Jonathan P. Waltho: 0000-0002-7402-5492

Present Addresses

IL.AJ. and YJ.: School of Chemistry, Cardiff University,
Cardiff, CF10 3AT, United Kingdom

C.B.: Institute of Structural and Molecular Biology, Depart-
ment of Biological Sciences, Birkbeck, University of London,
London, WCI1E 7HX, United Kingdom

Author Contributions
#L.A._]. and AJ.R.: These authors contributed equally.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We would like to thank Dr Tooba Alizadeh for the preparation
of the fPGMp,gy plasmid construct and for the acquisition
and interpretation of preliminary NMR experiments. We
would also like to thank the beamline scientists at the
Diamond Light Source (DLS) and the European Synchrotron
Radiation Facility (ESRF) for the provision of synchrotron
radiation facilities and assistance with data collection. This
research was supported by the Biotechnology and Biological
Sciences Research Council (NJ.B. — grant number: BB/
MO021637/1; C.T. — grant number: BB/K016245/1) and the
Engineering and Physical Sciences Research Council (NMR
spectrometer core capability—grant number: EP/K039547/1).

B REFERENCES

(1) Hunter, T. Why Nature Chose Phosphate to Modify Proteins.
Philos. Trans. R. Soc, B 2012, 367, 2513—2516.

(2) Lad, C.; Williams, N. H.; Wolfenden, R. The Rate of Hydrolysis
of Phosphomonoester Dianions and the Exceptional Catalytic
Proficiencies of Protein and Inositol Phosphatases. Proc. Natl. Acad.
Sci. U. S. A. 2003, 100, 5607—5610.

(3) Buechler, J. A; Taylor, S. S. Identification of Aspartate-184 as an
Essential Residue in the Catalytic Subunit of cAMP-Dependent
Protein Kinase. Biochemistry 1988, 27, 7356—7361.

(4) Green, P. C,; Tripathi, R. L.; Kemp, R. G. Identification of Active
Site Residues in Pyrophosphate-Dependent Phosphofructo-1-Kinase
by Site-Directed Mutagenesis. ]. Biol. Chem. 1993, 268, 5085—5088.

(5) Denu, J. M.; Lohse, D. L.; Vijayalakshmi, J.; Saper, M. A.; Dixon,
J. E. Visualization of Intermediate and Transition-State Structures in
Protein-Tyrosine Phosphatase Catalysis. Proc. Natl. Acad. Sci. U. S. A.
1996, 93, 2493—2498.

(6) Wu, L,; Zhang, Z.-Y. Probing the Function of Asp128 in the
Lower Molecular Weight Protein-Tyrosine Phosphatase-Catalyzed
Reaction. A Pre-Steady-State and Steady-State Kinetic Investigation.
Biochemistry 1996, 35, 5426—5434.

(7) Skamnaki, V. T.; Owen, D. J.; Noble, M. E. M.; Lowe, E. D;
Lowe, G.; Oikonomakos, N. G.; Johnson, L. N. Catalytic Mechanism
of Phosphorylase Kinase Probed by Mutational Studies. Biochemistry
1999, 38, 14718—14730.

(8) Dai, J.; Finci, L.; Zhang, C; Lahiri, S.; Zhang, G.; Peisach, E.;
Allen, K. N.; Dunaway-Mariano, D. Analysis of the Structural

DOI: 10.1021/acscatal.8b01612
ACS Catal. 2018, 8, 8140—8153



ACS Catalysis

Research Article

Determinants Underlying Discrimination Between Substrate and
Solvent in f-Phosphoglucomutase Catalysis. Biochemistry 2009, 48,
1984—199S.

(9) Valiev, M.; Kawai, R.; Adams, J. A.; Weare, J. H. The Role of the
Putative Catalytic Base in the Phosphoryl Transfer Reaction in a
Protein Kinase: First-Principles Calculations. . Am. Chem. Soc. 2003,
125, 9926—9927.

(10) Asthagiri, D.; Liu, T.; Noodleman, L; Van Etten, R. L;
Bashford, D. On the Role of the Conserved Aspartate in the
Hydrolysis of the Phosphocysteine Intermediate of the Low
Molecular Weight Tyrosine Phosphatase. J. Am. Chem. Soc. 2004,
126, 12677—12684.

(11) Webster, C. E. High-Energy Intermediate or Stable Transition
State Analogue: Theoretical Perspective of the Active Site and
Mechanism of f-Phosphoglucomutase. J. Am. Chem. Soc. 2004, 126,
6840—6841.

(12) Marcos, E.; Field, M. J; Crehuet, R. Pentacoordinated
Phosphorus Revisited by High-Level QM/MM Calculations. Proteins:
Struct,, Funct.,, Genet. 2010, 78, 2405—2411.

(13) Elsisser, B.; Dohmeier-Fischer, S.; Fels, G. Theoretical
Investigation of the Enzymatic Phosphoryl Transfer of f-Phospho-
glucomutase: Revisiting Both Steps of the Catalytic Cycle. J. Mol.
Model. 2012, 18, 3169—3179.

(14) Kim, K; Cole, P. A. Measurement of a Bronsted Nucleophile
Coefficient and Insights into the Transition State for a Protein
Tyrosine Kinase. . Am. Chem. Soc. 1997, 119, 11096—11097.

(18) Zhou, J.; Adams, J. A. Is There a Catalytic Base in the Active
Site of cAMP-Dependent Protein Kinase? Biochemistry 1997, 36,
2977-2984.

(16) Kim, K.; Cole, P. A. Kinetic Analysis of a Protein Tyrosine
Kinase Reaction Transition State in the Forward and Reverse
Directions. J. Am. Chem. Soc. 1998, 120, 6851—6858.

(17) Zhang, G.; Dai, J.; Wang, L.; Dunaway-Mariano, D.; Tremblay,
L. W,; Allen, K. N. Catalytic Cycling in S-Phosphoglucomutase: A
Kinetic and Structural Analysis. Biochemistry 2005, 44, 9404—9416.

(18) Dai, J.; Wang, L, Allen, K. N; Radstrom, P.; Dunaway-
Mariano, D. Conformational Cycling in f-Phosphoglucomutase
Catalysis: Reorientation of the A-D-Glucose 1,6-(Bis)phosphate
Intermediate. Biochemistry 2006, 45, 7818—7824.

(19) Jin, Y.; Bhattasali, D.; Pellegrini, E.; Forget, S. M.; Baxter, N. J.;
Cliff, M. J.; Bowler, M. W.; Jakeman, D. L.; Blackburn, G. M.; Waltho,
J. P. a-Fluorophosphonates Reveal How a Phosphomutase Conserves
Transition State Conformation Over Hexose Recognition in Its Two-
Step Reaction. Proc. Natl. Acad. Sci. U. S. A. 2014, 111, 12384—12389.

(20) Baxter, N. J; Bowler, M. W.; Alizadeh, T.; Cliff, M. J;
Hounslow, A. M,; Wu, B.,; Berkowitz, D. B,; Williams, N. H,;
Blackburn, G. M.; Waltho, J. P. Atomic Details of Near-Transition
State Conformers for Enzyme Phosphoryl Transfer Revealed by
MgF,;~ Rather Than by Phosphoranes. Proc. Natl. Acad. Sci. U. S. A.
2010, 107, 4555—4560.

(21) Baxter, N. J; Olguin, L. F.; Goli¢nik, M.; Feng, G.; Hounslow,
A. M,; Bermel, W.; Blackburn, G. M.; Hollfelder, F.; Waltho, J. P.;
Williams, N. H. A Trojan Horse Transition State Analogue Generated
by MgF;~ Formation in an Enzyme Active Site. Proc. Natl. Acad. Sci.
U. S. A. 2006, 103, 14732—14737.

(22) Baxter, N. J.; Hounslow, A. M.; Bowler, M. W.; Williams, N. H,;
Blackburn, G. M.; Waltho, J. P. MgF,™ and a-Galactose 1-Phosphate
in the Active Site of f-Phosphoglucomutase Form a Transition State
Analogue of Phosphoryl Transfer. J. Am. Chem. Soc. 2009, 131,
16334—16338.

(23) Griffin, J. L; Bowler, M. W.; Baxter, N. J.; Leigh, K. N;
Dannatt, H. R. W.; Hounslow, A. M.; Blackburn, G. M.; Webster, C.
E.; Cliff, M. J.; Waltho, J. P. Near Attack Conformers Dominate f-
Phosphoglucomutase Complexes Where Geometry and Charge
Distribution Reflect Those of Substrate. Proc. Natl. Acad. Sci. U. S.
A. 2012, 109, 6910—6915.

(24) Jin, Y.; Richards, N. G. J.; Waltho, J. P.; Blackburn, G. M. Metal
Fluorides as Analogues for Studies on Phosphoryl Transfer Enzymes.
Angew. Chem., Int. Ed. 2017, 56, 4110—4128.

8152

(25) Jin, Y.; Molt, R. W.; Blackburn, G. M. Metal Fluorides: Tools
for Structural and Computational Analysis of Phosphoryl Transfer
Enzymes. Top. Curr. Chem. 2017, 375, 36—59.

(26) Bruice, T. C. Some Pertinent Aspects of Mechanism as
Determined With Small Molecules. Annu. Rev. Biochem. 1976, 45,
331-374.

(27) Jin, Y.; Molt, R. W.; Waltho, J. P.; Richards, N. G. J.; Blackburn,
G. M. '’F NMR and DFT Analysis Reveal Structural and Electronic
Transition State Features for RhoA-Catalyzed GTP Hydrolysis.
Angew. Chem., Int. Ed. 2016, S5, 3318—3322.

(28) Jin, Y.; Molt, R. W,; Pellegrini, E.; Cliff, M. J.; Bowler, M. W.;
Richards, N. G. J; Blackburn, G. M.; Waltho, J. P. Assessing the
Influence of Mutation on GTPase Transition States Using X-Ray
Crystallography, ’F NMR and DFT Approaches. Angew. Chem., Int.
Ed. 2017, 56, 9732—9735.

(29) Reed, M. A. C.; Hounslow, A. M.; Sze, K. H.; Barsukov, L. G;
Hosszuy, L. L. P.; Clarke, A. R.; Craven, C. J.; Waltho, J. P. Effects of
Domain Dissection on the Folding and Stability of the 43 kDa Protein
PGK Probed by NMR. J. Mol. Biol. 2003, 330, 1189—1201.

(30) Golicnik, M.; Olguin, L. F.; Feng, G.; Baxter, N. J.; Waltho, J.
P.; Williams, N. H.; Hollfelder, F. Kinetic Analysis of f-
Phosphoglucomutase and Its Inhibition by Magnesium Fluoride. J.
Am. Chem. Soc. 2009, 131, 1575—1588.

(31) Vranken, W. F.; Boucher, W.; Stevens, T. J.; Fogh, R. H.; Pajon,
A.; Llinas, M.; Ulrich, E. L.; Markley, J. L.; Ionides, J.; Laue, E. D. The
CCPN Data Model for NMR Spectroscopy: Development of a
Software Pipeline. Proteins: Struct,, Funct,, Genet. 2008, 59, 687—696.

(32) Schulte-Herbriiggen, T.; Serensen, O. W. Clean TROSY:
Compensation for Relaxation-Induced Artefacts. J. Magn. Reson. 2000,
144, 123—128.

(33) Lescop, E.; Schanda, P.; Brutscher, B. A Set of BEST Triple-
Resonance Experiments for Time-Optimized Protein Resonance
Assignment. ]. Magn. Reson. 2007, 187, 163—169.

(34) Hyberts, S. G.; Robson, S. A.; Wagner, G. Exploring Signal-to-
Noise Ratio and Sensitivity in Non-Uniformly Sampled Multi-
Dimensional NMR Spectra. J. Biomol. NMR 2013, 55, 167—178.

(35) Hyberts, S. G.; Milbradt, A. G.; Wagner, A. B.; Arthanari, H;
Wagner, G. Application of Iterative Soft Thresholding for Fast
Reconstruction of NMR Data Non-Uniformly Sampled With
Multidimensional Poisson Gap Scheduling. J. Biomol. NMR 2012,
52, 315-327.

(36) Sun, Z.-Y. J.; Frueh, D. P.; Selenko, P.; Hoch, J. C.; Wagner, G.
Fast Assignment of *N-HSQC Peaks Using High-Resolution 3D
HNcocaNH Experiments With Non-Uniform Sampling. J. Biomol.
NMR 2005, 33, 43—50.

(37) Williamson, M. P. Using Chemical Shift Perturbation to
Characterise Ligand Binding. Prog. Nucl. Magn. Reson. Spectrosc. 2013,
73, 1-16.

(38) Pellegrini, E.; Piano, D.; Bowler, M. W. Direct Cryocooling of
Naked Crystals: Are Cryoprotection Agents Always Necessary? Acta
Crystallogr., Sect. D: Biol. Crystallogr. 2011, D67, 902—906.

(39) Winter, G. xia2: An Expert System for Macromolecular
Crystallography Data Reduction. J. Appl. Crystallogr. 2010, 43, 186—
190.

(40) Battye, T. G. G.; Kontogiannis, L.; Johnson, O.; Powell, H. R;;
Leslie, A. G. W. iMOSFLM: A New Graphical Interface for
Diffraction-Image Processing With MOSFLM. Acta Crystallogr., Sect.
D: Biol. Crystallogr. 2011, D67, 271—281.

(41) Vagin, A.; Teplyakov, A. MOLREP: An Automated Program for
Molecular Replacement. J. Appl. Crystallogr. 1997, 30, 1022—1025.

(42) Emsley, P.; Lohkamp, B.; Scott, W. G.; Cowtan, K. Features
and Development of COOT. Acta Crystallogr, Sect. D: Biol.
Crystallogr. 2010, D66, 486—501.

(43) Murshudov, G. N.; Vagin, A. A;; Dodson, E. J. Refinement of
Macromolecular Structures by the Maximum-Likelihood Method.
Acta Crystallogr., Sect. D: Biol. Crystallogr. 1997, DS3, 240—255.

(44) Chen, V. B; Arendall, W. B,; Headd, J. J; Keedy, D. A;
Immormino, R. M.; Kapral, G. J.; Murray, L. W.,; Richardson, J. S.;
Richardson, D. C. MolProbity: All-Atom Structure Validation for

DOI: 10.1021/acscatal.8b01612
ACS Catal. 2018, 8, 8140—8153



ACS Catalysis

Research Article

Macromolecular Crystallography. Acta Crystallogr,, Sect. D: Biol.
Crystallogr. 2010, D66, 12—21.

(45) PyMOL Molecular Graphics System, Version 1.8.; Schrodinger,
LLC, 2015.

(46) Read, R. J.; Schierbeek, A. J. A Phased Translation Function. J.
Appl. Crystallogr. 1988, 21, 490—495.

(47) Hayward, S.; Berendsen, H. J. C. Systematic Analysis of
Domain Motions in Proteins From Conformational Change: New
Results on Citrate Synthase and T4 Lysozyme. Proteins: Struct., Funct,
Genet. 1998, 30, 144—154.

(48) Lahiri, S. D.; Zhang, G.; Radstrom, P.; Dunaway-Mariano, D.;
Allen, K. N. Crystallization and Preliminary X-Ray Diffraction Studies
of B-Phosphoglucomutase From Lactococcus lactis. Acta Crystallogr.,
Sect. D: Biol. Crystallogr. 2002, DS8, 324—326.

(49) Lahiri, S. D.; Zhang, G.; Dunaway-Mariano, D.; Allen, K. N.
Caught in the Act: The Structure of Phosphorylated S-Phosphoglu-
comutase From Lactococcus lactis. Biochemistry 2002, 41, 8351—8359.

(50) Lahiri, S. D.; Zhang, G.; Dunaway-Mariano, D.; Allen, K. N.
The Pentacovalent Phosphorus Intermediate of a Phosphoryl Transfer
Reaction. Science 2003, 299, 2067—2071.

(51) Tyler-Cross, R.; Schirch, V. Effects of Amino Acid Sequence,
Buffers, and Ionic Strength on the Rate and Mechanism of
Deamidation of Asparagine Residues in Small Peptides. J. Biol.
Chem. 1991, 266, 22549—22556.

(52) Rowland, R. S.; Taylor, R. Intermolecular Nonbonded Contact
Distances in Organic Crystal Structures: Comparison With Distances
Expected From van der Waals Radii. J. Phys. Chem. 1996, 100, 7384—
7391.

(53) Baxter, N. J.; Blackburn, G. M.; Marston, J. P.; Hounslow, A.
M,; Cliff, M. J.; Bermel, W.; Williams, N. H.; Hollfelder, F.; Wemmer,
D. E.; Waltho, J. P. Anionic Charge Is Prioritized Over Geometry in
Aluminum and Magnesium Fluoride Transition State Analogs of
Phosphoryl Transfer Enzymes. J. Am. Chem. Soc. 2008, 130, 3952—
3958.

(54) Woolley, E. M.; Tomkins, J.; Hepler, L. G. Ionization Constants
for Very Weak Organic Acids in Aqueous Solution and Apparent
Tonization Constants for Water in Aqueous Organic Mixtures. J.
Solution Chem. 1972, 1, 341-351.

(55) Shen, Y.; Bax, A. Protein Backbone and Sidechain Torsion
Angles Predicted From NMR Chemical Shifts Using Artificial Neural
Networks. J. Biomol. NMR 2013, 56, 227—241.

(56) Barrozo, A.; Liao, Q; Esguerra, M.; Marloie, G.; Florian, J;
Williams, N. H.; Kamerlin, S. C. L. Computer Simulations of the
Catalytic Mechanism of Wild-Type and Mutant f-Phosphoglucomu-
tase. Org. Biomol. Chem. 2018, 16, 2060—2073.

(57) Zamberlin, S.; Antunac, N.; Havranek, J.; Samarzija, D. Mineral
Elements in Milk and Dairy Products. Mljekarstvo 2012, 62, 111—-125.

(58) Kerns, S. J.; Agafonov, R. V.; Cho, Y.-J.; Pontiggia, F.; Otten,
R; Pachov, D. V.; Kutter, S.; Phung, L. A;; Murphy, P. N.; Thai, V,;
Alber, T.; Hagan, M. F.; Kern, D. The Energy Landscape of Adenylate
Kinase During Catalysis. Nat. Struct. Mol. Biol. 2015, 22, 124—131.

8153

DOI: 10.1021/acscatal.8b01612
ACS Catal. 2018, 8, 8140—8153



SUPPORTING INFORMATION

van der Waals Contact between Nucleophile and Transferring
Phosphorus Is Insufficient To Achieve Enzyme Transition-State
Architecture

Luke A. Johnson,™# Angus J. Robertson,™* Nicola J. Baxter,™* Clare R. Trevitt,
Claudine Bisson,® Yi Jin,"" Henry P. Wood,” Andrea M. Hounslow, Matthew J. CIiff,*
G. Michael Blackburn,” Matthew W. Bowler,! and Jonathan P. Waltho,**

f Krebs Institute for Biomolecular Research, Department of Molecular Biology and Biotechnology, The University of
Sheffield, Sheffield, S10 2TN, United Kingdom

# Manchester Institute of Biotechnology and School of Chemistry, The University of Manchester, Manchester, M1
7DN, United Kingdom

I'European Molecular Biology Laboratory, Grenoble Outstation, 71 avenue des Martyrs, CS 90181 F-38042 Grenoble,
France

#(L.AJ. and A.J.R.) These authors contributed equally
T(L.AJ. and Y.J.) School of Chemistry, Cardiff University, Cardiff, CF10 3AT, United Kingdom

§ (C.B.) Institute of Structural and Molecular Biology, Department of Biological Sciences, Birkbeck, University of
London, London, WC1E 7HX, United Kingdom

* E-mail for J.P.W.: j.waltho@sheffield.ac.uk

S1



1

1.0

2.0

3.0

4.0

5.0

6.0

P (ppm)

-1.0

1.0

2.0

3.0

4.0

5.0

6.0

P (ppm)

S2



Figure S1. 3P NMR spectra illustrating steps in the purification of BPGMpion and BG16BP, together
with the dependence of G6P and BGI1P chemical shifts on pH and Mg" concentration.
(A — E) Samples were prepared in standard NMR buffer and spectra were acquired typically with
10000 transients over 50 ppm using proton-phosphorus decoupling. (A) BPGMpion immediately
following purification showing four 3P resonances consistent with the population of two tight
noncovalently bound BPGMp1on:BG16BP complexes. The orange asterisks indicate 3P peaks from
the 6-phosphate (5.17 ppm) and the 1-phosphate (1.30 ppm) groups of BG16BP in the Mg'"-bound
BPGMp1on:P1G6P complex and the blue asterisks indicate 3P peaks from the 6-phosphate (5.08 ppm)
and the 1-phosphate (2.01 ppm) groups of BG16BP in the Mg'"-free BPGMpion:P1G6P complex.
(B) Substrate-free BPGMpion generated by unfolding the BPGMpion:BG16BP complexes in 4 M
guanidine hydrochloride, with 200-fold dilution of the ligand using buffer exchange, and subsequent
refolding of BPGMpion to a native conformation. The absence of 3!P resonances indicates that
BG16BP no longer occupies the active site. (C) BG16BP extracted by membrane filtration from heat
denatured (2 min at 80 °C) BPGMp1on:BG16BP complexes. The two 3IP resonances are broadened
significantly due to exchange of coordination between the phosphate groups of BG16BP and Mg' ions
present in the sample. (D) Addition of 6 mM EDTA to the sample in (C) chelates the Mg" ions
resulting in a significant narrowing of linewidths for the two 3P peaks (3.63 and 1.74 ppm). This
sample was used to record the *H*C HSQC spectrum shown in Figure S2B. (E) Chemically
synthesized BG16BP (Prof. Nicholas Williams, Department of Chemistry, The University of
Sheffield) in standard NMR buffer. Correspondence in chemical shift values between the two 3!P
resonances (C — E) is consistent with BG16BP being isolated from the BPGMpion:fG16BP
complexes. (F — K) Samples contained 10 mM G6P, 10 mM BG1P and 20 mM sodium phosphate in
10 mM Tris and 10 mM sodium acetate buffer at (F and G) pH 9.0, (H and I) pH 7.0 and (J and K) pH
4.0, containing either (F, H, J) 10 mM MgCl; or (G, I, K) no Mg". A capillary containing 200 mM
sodium phosphate at pH* 7.2 in 100% 2H,0 was included in the sample as a chemical shift reference
(2.06 ppm) and for the deuterium lock. Other resonances are assigned as follows: G6P (left hand
multiplet), inorganic phosphate (singlet) and BG1P (right hand doublet). Spectra were acquired with
256 transients over 50 ppm and without proton-phosphorus decoupling to differentiate the G6P and

BG1P resonances.
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Figure S2. Assigned *HC HSQC spectra of glucose 1,6-bisphosphate species. (A) Commercially
produced aG16BP (Sigma) in 100% 2H,0O (green) and chemically synthesized BG16BP in 100% 2H,0O
(magenta). (B) PG16BP extracted by membrane filtration from heat denatured (2 min at 80 °C)
BPGMp1on:BG16BP complexes in standard NMR buffer containing 6 mM EDTA. The red asterisks
denote peaks arising from the buffer. (C) Uniformly 3C-labeled BG16BP in the Mg'"-bound
BPGMp1on:P1G6P and Mg'"-free BPGMpion:P1G6P complexes in standard NMR buffer.
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Figure S3. Comparison of 'H*®N TROSY spectra, acetyl phosphate (AcP) hydrolysis kinetics,
inhibition of BPGMwt and BPGMbp1on by inorganic phosphate and fluoride, and BG1P equilibration by
BPGMobaon, BPGMpgn and the reconstituted BPGMpion:BG16BP complexes. (A) Superposed *HN
TROSY spectra of (black) BPGMwr and (red) substrate-free BPGMba1on, generated by unfolding the
copurified BPGMbp1on:BG16BP complexes in 4 M guanidine hydrochloride, with 200-fold dilution of
the ligand using buffer exchange, and subsequent refolding to a native conformation. Samples
typically contained either 0.5 mM BPGMwr or 0.5 mM substrate-free BPGMpion in standard NMR
buffer with 50 mM MgCl.. (B) Superposed HN TROSY spectra of (black) BPGMwr:BeFs
complex and (red) BPGMp1on:BeFs complex. The complexes containing the BeFs~ moiety coordinated
at D8 are structural mimics of BPGMwr” and BPGMp1on” and were generated from samples typically
containing either 0.5 mM BPGMwr or 0.5 mM substrate-free BPGMpion in standard NMR buffer with
5 mM BeClz and 10 mM NH4F. (C) Hydrolysis kinetics of AcP to inorganic phosphate and acetate
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by (black) BPGMwr and (red) substrate-free BPGMpaon, monitored by 3P NMR spectra with
integration of the AcP peak as a function of time. The samples contained either 250 uM BPGMwr or
250 uM substrate-free BPGMp1on, together with 50 mM AcP in standard Kkinetic buffer containing 50
mM MgCl. and 1 mM EDTA. Hydrolysis rate constants were obtained from linear fitting of the data
(BPGMwrt = 0.06 + 0.006 s; BPGMpion = 0.02 + 0.002 s%). A control experiment involving 50 mM
AcP alone in standard Kkinetic buffer established that hydrolysis of AcP was insignificant over the
same time frame. (D) Reaction kinetics of (red / pink) substrate-free BPGMpzon (5 uM) and (blue /
light blue) BPGMpgn (10 uM) for the equilibration of 10 mM BG1P with G6P in the presence of 20
mM AcP monitored by 3P NMR spectra using normalized integral values of (red / blue) the BG1P
peak and (pink / light blue) the G6P peak as a function of time. (E) Reaction kinetics of substrate-
free BPGMp1on (5 uM) for the equilibration of 10 mM BG1P with G6P in the presence of PG16BP
(extracted from the copurified BPGMpion:BG16BP complexes) monitored by 3P NMR spectra using
normalized integral values of (red) the BG1P peak and (pink) the G6P peak as a function of time.
(F) Relative reaction rates monitored by 3'P NMR spectra of BPGMwr (0.1 — 0.25 uM; n = 3) and
substrate-free BPGMpion (45 uM; n = 3) for the equilibration of 10 mM BG1P with G6P in the
presence of 20 mM AcP in (dark gray / red) the standard kinetic buffer and (light gray / pink) with the
addition of 20 mM sodium phosphate. (G) Reaction kinetics monitored by the glucose 6-phosphate
dehydrogenase coupled assay of BPGMwr (5 nM) and substrate-free BPGMpion (500 nM) for the
equilibration of 10 mM BG1P with G6P in the presence of 20 mM AcP in the standard kinetic buffer
with increasing concentrations of fluoride (0, 1, 2, 3, 5, 7 and 10 mM). Time points corresponding to
the end of the lag phase (as measured by first derivative analysis) for each of the fluoride
concentrations were normalized against data recorded in the absence of fluoride. (H) Reaction
kinetics of the reconstituted BPGMp1on:BG16BP complexes (2.5 uM) for the equilibration of 10 mM
BG1P with G6P in the (crosses) absence and (circles) presence of 20 mM AcP monitored by 3P NMR
spectra using normalized integral values of (red) the BG1P peak and (pink) the G6P peak as a function
of time. (I and J) Reaction kinetics of (black / gray) BPGMwr (0.25 uM) and (red / pink) substrate-
free BPGMpion (45 uM) for the equilibration of 10 mM BG1P with G6P in the presence of 20 mM
AcP monitored by 3P NMR spectra using normalized integral values of the BG1P peak (black / red)
and G6P peak (gray / pink) as a function of time. Asterisks denote the time points at which samples
were recharged with additional 10 mM BG1P. Missing P data at ca. 5 and 55 minutes in the time
courses is to allow for the acquisition of *H NMR spectra. A keat of 0.2 + 0.08 s (n = 8) was derived

for BPGMbion from the linear segment of the first kinetic profile, compared with 70 + 30 s (n = 7)
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for BPGMwr. Note that for the reaction kinetics monitored by 3P NMR spectra, the enzyme
concentration was adjusted to allow for similar signal-to-noise ratios to be obtained on the different
spectrometers used. (K) Observed catalytic rate constants (kos) monitored by the glucose
6-phosphate dehydrogenase coupled assay of BPGMpion (500 nM) for the equilibration of 230 uM
BG1P with G6P in the presence of 10 mM AcP for (red) substrate-free BPGMp1on following ca. 2 h
incubation with 4 M guanidine hydrochloride and (black) substrate-free BPGMp1on following ca. 48 h
incubation with 4 M guanidine hydrochloride in the unfolding-dilution-refolding procedure.
(L) Superposed *H'N TROSY spectra of the reconstituted Mg"-bound BPGMp1on:P1G6P complex in
standard NMR buffer containing 50 mM MgClz, 20 mM AcP and 10 mM G6P with (red) substrate-
free BPGMpaon following ca. 2 h incubation with 4 M guanidine hydrochloride and (black) substrate-
free BPGMp1on following ca. 48 h incubation with 4 M guanidine hydrochloride in the unfolding-

dilution-refolding procedure.
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Figure S4. Stereoviews of difference density (Fo — Fc) for the BPGMpion complexes. The active
sites of (A) BPGMbpion:BeFz complex (PDB 50J2), (B) BPGMp1on:P1G6P complex (PDB 50K1),
(C) copurified BPGMp1on:P1GEP complex (PDB 506P), (D) BPGMpion:AlF4:G6P complex (PDB
50K2), (E) BPGMp1on:P6G1P complex (PDB 50K0) and (F) BPGMpaion:AlF4:H20:BG1P complex
(PDB 506R). The side chain of D8 and active site ligands are shown as sticks in standard CPK colors,
with beryllium (light green), fluorine (light blue), aluminum (dark gray), BG16BP (teal carbon atoms),
G6P (purple carbon atoms) and BG1P (gold carbon atoms). An axially coordinated water (red) and the
catalytic Mg" ion (green) are drawn as spheres. Difference density (Fo — Fc; gray mesh) was
generated following ligand omission from the final structures, and is contoured selectively at 2.5¢ (E)
and 3c (A-D, F) for the BeFs~, BG16BP, AlF4~, G6P, BG1P and water ligands.
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Figure S5. Chemical shift analysis of the Mg'"-bound BPGMpion:P1G6P and the Mg'-free
BPGMp1on:P1G6P complexes. Histograms of residue specific chemical shift changes for the
BPGMp1on:P1G6P complexes calculated as A8 = Smg-bound — Omg-free fOr (A) backbone Hn atoms,
(B) backbone N atoms and (C) as A8 = [(Smgbound — Smg-ree)’]? for the backbone N atoms.
(D) Residue specific chemical shift changes between the Mg"-bound BPGMpion:P1G6P complex and
the BPGMwr:MgF3:G6P TSA complex (BMRB 7234)?° calculated as A8 = [(Sppom-DioN-P1GEP —
Spram-wr-Tsa)?]¥2 for the backbone N atoms. The data have been plotted with the same vertical scaling
as (C) so that the size of Adn can be compared. (E and F) Backbone dihedral angle prediction of
BPGMpion in the Mg"-bound BPGMpion:P1G6P complex (orange circles) and the Mg'-free
BPGMpion:P1G6P complex (blue circles) obtained with TALOS-N using the backbone Hy, **N,
13Cq, 13CB and °C’ chemical shifts. For comparison, backbone dihedral angles were extracted from
the BPGMp1on:P1G6P crystal structure (PDB 50K1) and are shown as black crosses. Secondary
structure elements from BPGMwr (PDB 2WHE)™ are indicated by bars (a-helices) and arrows
(B-strands) at the top of the panel. (G) Structure of the BPGMpion:P1G6P complex (PDB 50K1)
with residues colored according chemical shift changes calculated as A8 = [ASun? + (0.12 x AdN)?]?,
between the Mg"-bound BPGMpion:P1G6P complex and the Mg'-free BPGMpion:P1G6P complex,
with the intensity of color and thickness of the backbone corresponding to larger A8 values. The
BG16BP ligand is shown as CPK-colored sticks and the catalytic Mg" ion is indicated as a green

sphere.
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Figure S6. Comparison of the two crystal structures of the BPGMpion:P1G6P complex. The
reconstituted BPGMpion:P1G6P complex (PDB 50K1; pale gray ribbon) and the copurified
BPGMp1on:P1G6P complex (PDB 506P; red and green ribbon) have been superposed on the core
domains (left). The BG16BP ligands are drawn as sticks (in CPK colors for PDB 506P) and the
catalytic Mg' ions are shown as spheres (green sphere for PDB 506P).
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Figure S7. Coordination and binding affinity of the catalytic Mg" ion in the BPGMpion:P1G6P
complex. (A) Active site of the BPGMp1on:P1G6EP complex (PDB 50K1) with BG16BP and selected
residues shown as CPK-colored sticks, structural waters shown as red spheres and the catalytic Mg"
ion indicated as a green sphere. The asymmetrical 2Fo — Fc electron density for the catalytic Mg" ion
is contoured at 2.5 (blue mesh), with Mg" coordination (black dashes) and atomic distances (A)
indicated. Restrained refinement of the BPGMp1on:P1G6P complex (1.9 A) results in a suboptimal
coordination geometry for the catalytic Mg'" ion, as the cumulative atomic distance is ~0.2 A too long
between the oxygen atom of the 1-phosphate group of BG16BP (O — Mg" = 2.0 A) and the side chain
carboxylate 081 atom of D170 (O — Mg'" = 2.6 A). The locations of the side chain carboxylate group
of D8, the backbone carbonyl group of N10 and the water molecules present suggest that a more
optimal binding geometry is accessible for the Mg'" ion when centered ~0.2 A further towards the side
chain carboxylate O81 atom of D170. (B) Changes in peak intensity for residue K117 in a
superposed series of *H®N TROSY spectra (offset in *H frequency for clarity) as MgCl; is titrated
into the Mg"-free BPGMp1on:P1G6P complex. As the concentration of MgCl, increases (left to right),
the population of the Mg'"-free BPGMp1on:P1G6P complex decreases with a concomitant increase in
the population of the Mg"-bound BPGMp1on:P1G6P complex, consistent with a slow conformational
exchange on the NMR time scale. The slow rate of Mg'" exchange most likely reflects the exclusion of
its binding site by pG16BP. (C) Calculation of the binding affinity of Mg" for the Mg'"-free
BPGMp1on:P1G6P complex using nonlinear least-squares fitting (red line) of normalized changes in
averaged 'H'®N TROSY peak intensities (black circles) for residues N10, G11, A115, K117 and 1150.
The dissociation constant (Kq) was determined to be 7.1 + 0.6 mM. The initial concentration of Mg" in
the solution was evaluated as 1.9 + 0.1 mM. Errors in peak intensity measurements are indicated as

vertical black lines on each data point.
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Figure S8. Comparison of BG16BP and structural water coordination in the BPGMpion:BG16BP
complexes. The active sites of (A) PPGMpion:P1G6P complex (PDB 50K1) and
(B) BPGMp1on:P6G1P complex (PDB 50KO0). Selected residues and the BG16BP ligand are shown as
sticks in standard CPK colors, with structural waters (red) and the catalytic Mg' ion (green) drawn as
spheres. Orange dashes indicate hydrogen bonds and black dashes show catalytic Mg" ion

coordination.
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Figure S9. Comparison of backbone amide group peak positions in *H'®N TROSY spectra of
BPGMp1on complexes. *HN TROSY peak positions are shown for twelve hinge residues (D15, T16,
Al7, E18, Y19, H20, D86, V87, S88, A90, D91, V92) of the open BPGMp1on:BeFz complex (black
circle), the Mg"-bound PBPGMpion:BP1G6P complex (red circle) and the fully closed
BPGMpion:AlF4:G6P TSA complex (blue circle). The chemical shifts of these hinge residues are
sensitive to the degree of closure of the cap and core domains and apart from D15 and T16, the *H**N
TROSY peaks of the Mg'"-bound BPGMp1on:BP1G6EP complex lie in an intermediate position between
those of the open BPGMp1on:BeFs complex and the fully closed BPGMpion:AlF4:G6P TSA complex.
These results indicate that the Mg'-bound BPGMp1on:BP1G6P complex is partially open in agreement
with the crystal structures. Residues D15 and T16 do not follow this pattern and the crystal structures
indicate that these residues play a crucial role in governing optimal hydrogen bonding for substrate
coordination by positioning of the general acid—base and closure of the domains through rotation in

backbone dihedral angles, which will be different in each of the complexes. For each panel, the x-axis
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denotes the backbone amide proton (*Hn) frequency, with a range of 2 ppm and the y-axis denotes the
backbone amide nitrogen (**N) frequency, with a range of 16 ppm. For the BPGMpion:BeFs complex,
the *Hy and *°N chemical shifts are (in ppm): D15 (8.34, 120.31), T16 (8.84, 113.98), A17 (9.12,
128.97), E18 (9.31, 119.79), Y19 (7.36, 118.38), H20 (8.01, 119.06), D86 (7.35, 114.83), V87 (7.07,
124.81), S88 (9.15, 125.64), A90 (7.77, 120.11), D91 (8.15, 116.09) and V92 (7.21, 123.41). For the
Mg'""-bound BPGMp1on:PP1G6P complex, the *Hy and *°N chemical shifts are (in ppm): D15 (8.00,
118.73), T16 (8.83, 117.88), A17 (8.64, 128.91), E18 (8.97, 118.19), Y19 (7.28, 118.91), H20 (8.13,
120.23), D86 (7.51, 114.42), V87 (7.08, 124.61), S88 (9.28, 126.44), A90 (7.74, 119.94), D91 (8.10,
115.95) and V92 (7.13, 123.70). For the BPGMbion:AlF4G6P TSA complex, the *Hy and N
chemical shifts are (in ppm): D15 (8.07, 128.67), T16 (7.79, 108.03), A17 (7.66, 126.01), E18 (8.24,
121.99), Y19 (6.60, 117.84), H20 (8.21, 120.77), D86 (7.84, 115.59), V87 (7.11, 123.54), S88 (9.45,
126.74), A90 (7.72, 119.44), D91 (8.06, 114.98) and V92 (7.21, 125.55).
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Figure S10. A model showing a potential mechanism for mutase activity in BPGMpuon. Selected
active site residues and ligands are shown as sticks in standard CPK colors, with structural waters
(red) and the catalytic Mg'" ion (green) drawn as spheres. Orange dashes indicate hydrogen bonds and
black dashes show metal ion coordination. (A) The BPGMpion:BP1G6P complex (PDB 50K1;
Figure 3B) with residue N10, the mimic of the protonated form of the general acid—base in the in
position. The active site arrangement is analogous to that present in the copurified BPGMpzon:BP1G6P
complex (PDB 506P; Figure 3D). (B) A model of the BPGMp1on:BP1G6P complex with N10 in the
out position. In this model, the carbonyl oxygen atom of the carboxamide group of N10 forms a
hydrogen bond to the amide group of T16, as observed in the BPGMp1on:BeFz complex (PDB 50J2).
Two water molecules which occupy the position of the general acid—base side chain when in the in
position, comprise part of an extended hydrogen bonded network in the active site involving residues
H20, K76, Y80, the phosphate group in the distal site, as well as structural and bulk water molecules.
Any one of these groups could facilitate proton transfer to the bridging oxygen atom of the
transferring phosphoryl group, allowing catalysis to occur in BPGMpzon. The model was prepared by
rotation of the N10 side chain and the addition of two water molecules in the active site of the PDB

50K1 structure. Geometry was optimized against the existing electron density in COOT*,
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A.2 Paper II: X-ray, NMR and QM approaches reveal the re-
lationship between protein conformational change, pro-
ton transfer, and phosphoryl transfer in an archetypal

enzyme

Contribution: I expressed and purified protein with different isotope enrichment schemes
and enzymatically synthesized the U['3C]C1-G6P for the NMR experiments. I performed the
crystallography, NMR spectroscopy (including backbone assignment) and backbone model
free analysis. I analysed and interpreted the data, I wrote programs to analyse and interpret
chemical shift perturbations and display the output. I wrote the manuscript together with
AW and JPW.
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Abstract

Molecular details for the timing and role of proton transfer in phosphoryl transfer reactions are
poorly understood. Using a combination of NMR, X-ray crystallography and DFT approaches, we
characterize pre- and post- proton transfer models of a phosphoryl transfer reaction in the archetypal
phosphoryl transfer enzyme PPGM. We observe that the ionic nature of the AIF, TSA may be
highly useful in the investigation of proton transfer in phorphoryl transfer enzymes as out-of-plane
distortion of the central A’ ion closely correlates with proton timing across the reaction coordinate.
Backbone order parameters (ps-ns rigidity measurement) were used to guide QM model generation
and residue truncation in pre- and post- proton transfer TSA models. The TS model displays a key
contribution of this proton transfer to/from the GAB on the charge distribution within the
transferring group, and consequently, the electrostatic interactions with surrounding residues in the
active site. Given the free energy profile of the reaction, the GS of the reaction indicates that a high
degree of proton transfer has already occurred to substrate which is closely reflected in 'F and X-
ray crystallographic observations which may further empower the use of ’F NMR in the

investigation of phosphoryl transfer reactions.
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Introduction

11) Background and the GAB controversy

Phosphate monoesters are labile in the active sites of phosphoryl transfer enzymes but extremely
inert in aqueous solution (Lad, Williams, and Wolfenden 2003), in part due to the negative charge
providing a strong repulsion to potential attacking nucleophiles. Some phosphoryl transfer enzymes
alleviate this repulsion by populating near attack complexes (NACs) in which the attacking
hydroxyl group hydrogen bonds with the transferring phosphate group in a nonproductive
orientation (Griffin et al. 2012; Jin, Richards, et al. 2017). The residue that provides general acid-
base (GAB) catalysis (Lassila, Zalatan, and Herschlag 2011; Kamerlin et al. 2013) is thereby
utilized not only to activate the hydroxyl group for nucleophilic attack of the target phosphate
group, but also to stimulate the alignment of the nucleophilic oxygen atom with the phosphorus
atom, in a conformation that is geometrically close to the transition state (TS). Structural
investigations of near TS species have made use of both MgFs and AIF, as transition state
analogues (TSAs) that mimic the transferring phosphate group, as they are planar and have a net
single negative charge when complexed with substrate in the enzyme active site (Baxter et al. 2008;
Cliff et al. 2010; Jin, Richards, et al. 2017; Jin, Molt, and Blackburn 2017). The TSA structures
have indicated that the engagement of GAB residues is concurrent with phosphoryl group transfer.
However, controversy remains as to the timing of proton transfer associated with GAB catalysis
meaning that any interpretation of the mechanism and the energy barrier of the chemical step is
open to question. B-phosphoglucomutase (BPGM) [EC 5.4.2.6] is an archetypal phosphoryl transfer
enzyme that utilizes GAB catalysis and has been well characterized enzymatically and structurally
(Lahiri et al. 2004; Zhang et al. 2005; Dai et al. 2006, 2009, Baxter et al. 2006, 2008; Golicnik et al.
2009; Baxter et al. 2010; Griffin et al. 2012; Jin et al. 2014; Johnson et al. 2018). BPGM catalyzes
the reversible isomerization of B-glucose 1-phosphate (BG1P) and glucose 6-phosphate (G6P) via a
B-glucose 1,6-bisphosphate (BG16BP) intermediate. Previous computational studies on the
phosphoryl transfer between fG16BP and residue D8 of BPGM (generating G6P), have presented
conflicting timings for the proton transfer associated with the GAB residue (D10). Analyzing the
trajectories in the direction of phosphoryl group transfer from BG16BP to D8, these studies range in
prediction from “early” (Webster 2004; Marcos, Field, and Crehuet 2010), through “concerted”
(Barrozo et al. 2018), to “late” (Elsdsser, Dohmeier-Fischer, and Fels 2012) proton transfer events,

with predicted barrier heights ranging from 14 to 64 kJ mol ™.
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12) D10N literature and what we establish here

The D10N variant of BPGM (BPGMbon), which serves as a model of wild-type PPGM (BPGMwr)
with the GAB residue in its protonated form, was found to trap a ground state (GS) analog complex
in which the phosphorus atom of the 1-phosphate group of BG16BP is at van der Waals contact
distance from the nucleophilic carboxylate oxygen of D8 (Johnson et al. 2018). This observation
demonstrated that without proton transfer from the GAB to the bridging oxygen of BG16BP, the
phosphate group prefers to remain associated with BG16BP. This is consistent with an “early”
proton transfer step during phosphorylation of D8 by BG16BP, and suggests that the N10 variant
provides a good model of the pre-proton-transfer state. However, in order to determine whether the
GAB proton is likely to be transferred to the nascent hydroxyl group before the peak of the energy
barrier in the native reaction, a post-proton-transfer model is also required. In this report, we
establish that the AIF, complex of wild-type BPGM with G6P provides a suitable post-proton-
transfer model while the equivalent complex of the D10N variant remains a suitable pre-proton-
transfer model, which allows a direct comparison of states on either side of the proton transfer step.
While aluminium fluorides act as surrogates for transferring phosphoryl groups in the transition
state, they have reduced atomic charges and little covalency in their bonding (Griffin et al. 2012).
Correspondingly, they are shown to report on the electronic distribution within the active site pre-
and post- proton-transfer, since they distort their geometry in line with the preferred positions of the
phosphorus atom in each scenario. In parallel, solution NMR measurements are used to calibrate
DFT calculations to generate reliable models of the reaction trajectory for phosphoryl transfer.
Collectively, these studies establish the timing of proton transfer in this reaction using a novel

approach that is applicable to other phosphoryl transfer enzymes that rely on GAB catalysis.
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Results

R1) NMR investigation of the complexes.

Both fPGMuwr:AlF4:G6P and BPGMpion:AlF4:G6P complexes have been crystallized previously
(Baxter et al. 2010; Johnson et al. 2018). In the WT complex, it was assumed that the GAB proton
(the proton that transfers between atom Od1 of residue D10 (O81p,9) and the 1-oxygen group of
G6P (Olgep)) is associated with the sugar (i.e. a post-proton transfer model), whereas in the D10N
complex it was assumed that O1ser Was deprotonated (i.e. a pre-proton transfer model) (Johnson et
al. 2018). However, the position of the GAB proton was not established independently in either
complex, and therefore was investigated here using solution NMR methods. The
BPGMpion:AlF4:G6P complex was prepared as described previously (Baxter et al. 2010; Johnson et
al. 2018) and 97% backbone assignment of non-proline residues was determined (BMRB ID:
27697, Supporting information (SI) Section 3). The chemical shifts were compared to the
previously assigned BPGMwr:AlF4:G6P complex (Baxter et al. 2010). Only subtle perturbations
were present and these occurred in four distinct regions, each of which is in direct contact with the
substrate (SI Fig. S1). This indicates that the protein conformation and the accommodation of
substrate in the active site is very similar in the two complexes. NMR relaxation measurements of
fast (ps-ns) dynamics corroborate this interpretation, with few significant differences in the
observed order parameters. The average order parameter in the BPGMpon:AlF4:GO6P complex is
only 0.02 lower than that in the WT complex (SI Section 6, Fig. S2). Almost all of the discernible
changes are distant from the active site and are juxtaposed to changes of the opposite sign,

indicative of local compensatory mechanisms (SI Fig. S2, S3, S4).
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In the BPGMwr:AlF4:G6P complex, the assumption that the GAB proton is associated solely with
the sugar is challenged by "*C chemical shift measurements (Table S2). For example, the Cp *C
chemical shift of D10 is the most upfield of the Asp residues in this complex implying protonation
to some extent (SI Table S1). It is ca. 2 ppm upfield compared to in the more open fPGMyr:BeF5
complex, where the D10 residue has rotated out of the active site (Griffin et al. 2012) (SI Table S1).
However, it is only 0.44 ppm upfield of the equivalent resonance of D180 in the BPGMwr:AlF4:G6P
complex, which is surface exposed and likely to be deprotonated at the experimental pH. Together,
this indicates that some sharing of the GAB proton between atoms Olge and Od1poin the
BPGMwr:AlF4:G6P complex is likely. To shed further light on the behavior of the GAB proton, 1D
YF NMR spectra of the BPGMur:AlF4:G6P and BPGMpon: AlF,:G6P complexes were compared,
and an average downfield chemical shift change of 4 ppm is observed for AlF, peaks in the D10N
complex (Fig. 2). The hydrogen bonding to the fluorides in the two complexes was assessed using
solvent induced isotope shifts (SIIS), which are sensitive to the distance between hydrogen bonding
partners and the fluoride ions (SI Section 13). The SIIS values for the BPGMp;on: AlF4:G6P complex
reflect those of the WT complex. While there is a small overall reduction in SIIS values of the AlF,
moiety (ca. 0.1 ppm), this is consistent with only a minor change in hydrogen bonding between the
enzyme and the AIF4 group (SI Fig S7, SI Table S4-6). Thus, while changes in hydrogen bonding
geometry can be eliminated as the primary source of the average downfield chemical shift change
between the two complexes, the value is too small for any differences in the GAB proton position to

be confidently predicted without further corroborating evidence.
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R2) X-ray investigation of the D10N complex.

The assumption that the Olge atom was not protonated in the BPGMp,on: AlF4:G6P complex (PDB:
50K2) was based on the assumed orientation of the carboxamide of N10, but this was not explicitly
validated. Re-refinement of the N10 carboxamide in the opposite orientation yielded a difference
map peak of >3 o for the alternately modeled atoms (SI Section 8, Fig S5), which indicates that the
carboxamide indeed adopts the previously assumed orientation. A crystal of the

BPGMpon: AlF4:G6P complex at a higher resolution (1.02 A) corroborates this interpretation, and
further supports a model where the O1ger atom is deprotonated (PDB: 6L03; SI Section 8,10,11; SI
Fig. S6). Unexpectedly, the higher resolution structure also revealed a clear distortion of the AlF4
group. Since AlF4 is predominantly an ionic moiety, it is not strictly tied to a particular geometry in
the active site of phosphoryl transfer enzymes, and hence has the potential to report (through its
distortion) on which axial ligand has the higher charge density. If the Ol atom is deprotonated in
the BPGMbpion: AlF4:GO6P complex, it is expected to have a much higher charge density than atom
001 of residue D8 (Od1ps) on the basis of their solution pKa values. In this scenario, the position of
the AI’* atom of the AIF, might be expected to be biased towards the O1ger atom. In the high
resolution crystal structure of the BPGMp on: AlF4:G6P complex an out-of-plane distortion of the
AP’" atom towards the Olger atom of 3° is observed (SI Section 12). A re-examination of 50K2
indicates that this distortion is also present in the lower resolution structure but the angle of
distortion cannot be defined accurately. The observed distortion corroborates that in the
environment of the enzyme in the D10N complex the Olge atom has a higher charge density
compared with the O31ps atom, which is consistent with hydrogen bonding between the NH. group
of the carboxamide mimic of the GAB residue and a deprotonated Olger atom. In the WT complex,
no distortion from planarity of the AlF4 is observed within error (SI Section 12), which is consistent
with a substantial degree of protonation of the Olge atom. Indeed, the behavior of the
BPGMuyr:AlF4:G6P complex implies that the attraction and repulsion provided by the two axial
ligands of the AI** atom is balanced by the extent of proton transfer towards the sugar compared
with in the DION complex. The corollary of these observations is that significant proton transfer
from the GAB residue to the Olger atom is required for the AIF,” mimic of the transferring
phosphoryl group to be most stable in its planar form, in line with an “early” proton transfer event
stabilizing a planar phosphoryl group during phosphoryl transfer from fG16BP to DS in the native

reaction.
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R3) QM model generation and validation.

In order to investigate more quantitatively the interactions and charge distribution that give rise to
the geometries of the AlF, moieties observed in the crystal structures, large Quantum Mechanical
(QM) models of the BPGMwr:AlF4:G6P and BPGMpion: AlF4:G6P complexes were constructed
using previously established methodology (Jin et al. 2016; Jin, Molt, et al. 2017; Himo et al. 2005,
Noodleman et al. 2004). A QM model consisting of 386 atoms was initially computed for the
BPGMyr1:AlF4:G6P complex (starting from PDB: 2WF6 (Baxter et al. 2010)) using Gaussian09
(Frisch et al., n.d.), before the D10N mutation was introduced and the model reoptimized (SI
Section 14). An increase in the average F,-Al-Olger angle by 4° was observed in the
BPGMpion:AlF4:G6P complex model when the Olger atom is formally deprotonated, which is in
good agreement with the geometrical distortion in the experimental crystal structure (3°). Computed
F NMR chemical shift changes between the two complexes reveal an average downfield chemical
shift change of 3.1 ppm in the BPGMpon:AlF4:G6P complex when the Olger atom is formally
deprotonated, which also is in good agreement with experiment (4.0 ppm downfield) (Fig. 2; SI
Section 15). Hence the QM models provide a firm basis from which to quantify the relationship

between proton and phosphoryl group transfer.

In the QM model of the BPGMwr:AlF4:G6P complex, the GAB proton is primarily associated with
the Olger atom with a bond order of ca. 0.5, compared with a bond order of ca. 0.2 to the Od1po
atom. This sharing of the GAB proton is consistent with the chemical shift of the CB '*C resonance
of D10 observed in solution. To defend the assertion that the O1lge atom is deprotonated in the
BPGMpion: AlF4:GOP complex, the Olger atom of the BPGMpion:AlF4:G6P model was protonated
and the structure reoptimized. This model predicted a planar distortion of the AlF4 moiety (Fx-Al-
Olger angle) in the opposite direction compared to both the 1.02 A crystal structure (6°) and the
deprotonated QM model (10°). Furthermore, calculated '°F chemical shifts (F1:146.5, F2: 138.1,
F3:129.6, F4: 139.4 ppm) are upfield relative to WT, rather than the downfield chemical shift
change observed both experimentally, and computationally in the deprotonated PPGMpion:AlF4:G6P
model. Thus, the protonation states of the Olger atom and the GAB residue (or analog) are

established in both TSA complexes.
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R4) Relationship between proton transfer, charge distribution, and the energy barrier.

To investigate further the effects of proton transfer between the GAB and the O1ger atom, the
electron density of each model was rigorously partitioned into atomic basins according to the
Quantum Theory of Atoms in Molecules (QTAIM) (Bader 1990; P L A Popelier 2000) using the
software package AIMAII17 (Keith 2017), and relevant atomic charges were evaluated (SI Section
19). An increase in electron density of 100 me is observed on the Olger atom when the GAB proton
is associated with the GAB compared to with G6P. The Interacting Quantum Atoms (IQA) method
(Pendas, Francisco, and Blanco 2005; Blanco, Martin Pendas, and Francisco 2005; Francisco,
Pendas, and Blanco 2006) was then chosen as an appropriate energy decomposition scheme for the
approximation of various interaction energies, since it makes use of the electron density partitioning
within QTAIM. This allows the evaluation of relative changes in pairwise energies between the
BPGMuyr:AlF,:G6P and BPGMpion:AlF4:G6P complexes. Using this approach, a stronger
electrostatic interaction (-2504 kJ mol™ compared with -2179 kJ mol”) was observed between Al**
and the Olger atom in the BPGMpion:AlF4:G6P complex as a result of increased electron density on
the Olger atom (SI Fig. S9), which is in line with the observed reduction in the AI** - Olge bond

length.

R5) The implications of proton transfer on phosphoryl group transfer

Translating from metal fluoride analogue complexes to the native reaction, the AlF4 groups in both
the BPGMuwr:AlF;:G6P and BPGMpion:AlF4:G6P QM models were replaced with PO;™ (ST Section
16, 17). During geometrical relaxation, all atoms were held fixed except for those in the PO;™ group
and the GAB proton. This allowed the assessment of the geometrical and electronic effects of the
phosphate group (SI Fig. S9), which has substantially greater polarization than AlF,, in the protein
environment defined by the metal fluoride complexes. In the PO;” complexes, electron density
redistributes towards the equatorial oxygens, leaving the phosphorus atom with a much larger
positive charge in comparison to the AI** ion. This results in a stronger electrostatic interaction
between the Olger atom and the PO;™ group, and hence the planar distortion is exaggerated for POy’
in these models (ca. 4°). This result leads to the hypothesis that proton transfer is a necessary initial
step to mediate the ground state P - Olgep electrostatic interaction via localized electron density

redistribution, thereby reducing the overall energetic barrier to reaction.
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R6) Consequences for the energy barrier

In order to analyze the energetic barrier associated with phosphoryl group transfer with BPGM in
the TSA conformation, the initial BPGMy1:PO;3:G6P model was trimmed to 163 atoms to be
computationally viable while maintaining all atoms that interacted with the transferring phosphoryl
group (SI Section 16 and 17). The resulting structure was optimized to a transition state (TS), with
one vibrational mode corresponding to motion of the transferring PO;™ group along the reaction
coordinate (SI Fig. S8). The principal geometrical features of the computed TS are the changing
bond lengths of the atoms undergoing bond-making and bond-breaking processes (Fig. 3).
However, the relative contributions of each intra- and inter-atomic energy term to the overall energy
profile of phosphoryl group transfer were evaluated. This involved a full energy decomposition of
the molecular wavefunction using an IQA approach at each snapshot along the reaction coordinate,
utilizing the Relative Energy Gradient (REG) method implemented in the software program
ANANKE (Thacker and Popelier 2018, 2017; Alkorta, Thacker, and Popelier 2018)( SI section 19).
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The reaction coordinate was split into 4 segments, defined according to stationary points on the
energy profile. All possible intra- and inter-atomic energy terms were ranked by their relative
contributions to the overall energy profile of phosphoryl group transfer. Analyzing the trajectories
when transferring phosphate from the O1ser atom to the O81ps atom, segment 1 describes the
contributions of all energy terms to the total energy prior to formation of what constitutes a ground
state (GS1) in this protein conformation (Fig. 3). Segments 2 and 3 describe the pre- and post-
transition state (TS,3) respectively, and segment 4 describes post-formation of the product phospho-
enzyme ground state (GSs4). Examination of the two ground states associated with the reaction
trajectory reveals that in the protein conformation adopted by the transition state analogue
complexes, the phosphoryl group is already partially dissociated from the leaving group oxygens. In
GS; the P - Olger bond order is 0.61, and in GSs4 the P - O81ps bond order is 0.53. For comparison,
at the transition state (TSy;) the P - Olgep bond order is 0.21 and the P - Od1ps bond order is 0.36. It
is also apparent that in GS;, there is already substantial proton transfer from D10 to the sugar
phosphate (Bond order: H - Olge = 0.41, H - O81p10 = 0.34). This illustrates that proton transfer is
coupled to phosphoryl group cleavage from BG16BP. However, in this trajectory proton transfer is
far from completed by GSss (Bond order: H - Olger = 0.50, H - O81p10 = 0.24 ). For comparison, in
the TS,; the H - Olger bond order is 0.54 and the H - Od1p1o bond order is 0.20. Overall the
simulation shows that when the protein is in the conformation associated with the transition state
the GAB proton is preferentially associated with sugar throughout. Hence, the proton transfer step
can be considered to be “early” (when transferring phosphate from the O1lger atom to the Od1ps
atom) but essentially the proton remains shared throughout the phosphoryl group transfer process.
The corollary of the observation is that the adoption by the protein of the conformation associated
with the TSA complex structures is synergistic with partial proton transfer and partial dissociation

of the phosphoryl group from the leaving group oxygen atoms.
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The subset of intra- and inter-energetic terms required to reproduce the relative energies of reactant,
transition state, and product were elucidated by analysis of the intra- and inter-atomic energy terms
in segments 2 and 3 of the trajectory. In both segments, the principal inter- and intra-atomic terms
are between atoms directly involved in the phosphoryl group transfer. However, for segment 2 there
are inter-atomic terms with significant REG values that provide both stabilizing and destabilizing
interactions on both sides of the transferring phosphate, whereas in segment 3, the dominant inter-
atomic terms lie predominantly on the DS side of the transferring phosphate (Fig. 4). This increase
in destabilizing interactions on the D8 side of the reaction correlates with the low observed energy
barrier in the ‘reverse’ direction ( ~2 kJ mol”) and the higher energy of the product state relative to

the ground state (35 kJ mol™).
Note: The energies were extracted from the figure, could Alex check against data?
Discussion

Together the models illustrate that proton transfer is important in stimulating phosphoryl transfer
from Olger to O3 1ps when the protein is in the TSA conformation, but that neither the phosphoryl
transfer nor the proton transfer processes are complete in the corresponding GS on either side of the
barrier. Completion of phosphoryl and proton transfer therefore requires a change in protein

conformation.

In the experimental BPGMpin:BG16BP ground state complex (Johnson et al. 2018) the O81ps atom
is positioned in line with the 1-phosphate group at van der Waals contact distance from the
phosphorus atom, and the NH, group of N10 is hydrogen bonding with the bridging oxygen of
BG16BP. However, for the protein to adopt this conformation the relative orientation of the cap and
core domains undergoes a rotation of 13° relative to the TSA conformation. This rotation also
disrupts the hydrogen bonding network of part of the catalytic machinery in the vicinity of the GAB

residue.

The relevance of the TSA conformation to the phosphoryl transfer reaction is illustrated by the
success of EVB approaches in accurately reproducing the height of the transition state free energy
barrier, when starting in this conformation (Barrozo et al. 2018) . This study also highlighted the
importance of the hydrogen bonding network in the vicinity of the phosphoryl group during its

transfer.
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The energy barrier calculated in our model (~2 kJ mol” between GSs4 and TS»;) is almost zero and
significantly lower than previously reported in equivalent simulations of QM models with fewer
atoms (25-56 kJ mol) (Marcos, Field, and Crehuet 2010). In our model the atoms with fixed
positions in line with the making/breaking P-O bonds of the transferring PO;™ group are the
backbone nitrogen of D8, and the phosphorus atom of the phosphate group in the distal site. In
previous models, the unconstrained atoms did not include the entirety of the sugar phosphate and P-
O bond making/breaking is able to go to completion. Hence, these simulations appear to have
sufficient freedom to mimic some protein conformational change outside of that dictated by the
TSA conformation, which leads to more stable apparent ground states and therefore higher apparent

barriers than observed in our simulation.

Conclusion

In conclusion, the experimental X-ray structures and NMR measurements, in combination with QM
models and their partitioning into atomic basins, all point towards a synergy between proton
transfer from the GAB residue and the early stages of phosphoryl transfer. Both of these processes
are assisted by the transition of the protein conformation between NAC III and that adopted in the
metal fluoride TSA complexes. This final closure of the two domains is associated with a
significant degree of transfer of the GAB proton from the Od1pi to the Olger atom of PG16BP,
which couples to partial dissociation of the phosphoryl group. The fixing of the peripheral atoms in
the simulation at the positions defined by the TSA conformation thus prevented the enzyme from
going through full reaction trajectory of phosphoryl transfer but defines an almost barrierless
transition from the phospho-enzyme to BG16BP. The corollary of this is that the transformation
from the TSA conformation to the NAC III is associated with the completion of bond formation of
both phosphoryl and proton transfer. It is therefore not possible to partition the whole energy barrier
into a conformational term and a chemical term as the two are coupled in this case, which strongly
implicates protein conformational change between alternatively closed structures to be instrumental

in the catalysis of phosphoryl transfer in BPGM.
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These data confirm that mutation of the GAB residue from Asp to Asn serves as a good model of
the pre-proton transfer state, and that the corresponding WT complexes serve as a good post-proton-
transfer model in a GAB catalyzed phosphoryl transfer reaction. The study also shows that the
distortion of the predominantly ionic metal fluoride TSA moieties can be used to report on the
relative charges of the axial oxygens that constitute the nucleophile and the leaving group for the
reaction in situ within the enzyme. Finally, ’F NMR measurements can be used in combination
with QM models to corroborate the protonation state of the nucleophile and the leaving group
oxygen atoms in the TSA complexes, thereby validating the reliability of QM models of the native

reaction trajectory.
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Experimental Section
Details of the experimental methods for X-ray crystallography, ’F NMR, and DFT computations
are given in the Supporting Information. The nomenclature system used here to described oxygen

and phosphorus atoms in the structures is as recommended by IUPAC.

Acknowledgments

These studies were supported, in part, by BBSRC (Grants BB/E017541, BB/K016245 and
BB/M021637 to J.P.W.). AJR and AW were funded by department studentships and we would also
like to thank the Universities of Sheffield and Manchester for support. We would also like to thank
Geoff Kelly at the Sir Francis Crick institute, London UK for his expertise in setting up experiments
on the 950 MHz sepctrometer.

Data Availability.
The atomic coordinates and structure factors have been deposited in the Protein Data Bank

(www.rcsb.org) with the following PDB codes:
BPGMpon:AIF4:G6P complex (1.10 A;50K?2)
BPGMp;on:AlF4:G6P complex (1.02 A; 6L03)

The NMR chemical shifts have been deposited in the BioMagResBank (www.bmrb.wisc.edu) with

the accession number: 27697



31

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380
381
382
383
384
385
386
387

32

Figures
A ST af "
\?9
& 52 / S
(17 P 5'
B a6 o3
al
all
al5
alsd al2
Ca
Core B6 a2 P
a13 '3180"
H20
’ K45 55
) M2\ 2211 G6P
Fig 1.

An overview of the BPGM enzyme and QM model generated. A) An annotated cartoon illustration
of the 2WF6 BPGMwr:AlF4:G6P TSA complex with G6P (pink) and AlF, (grey) ligands illustrated.
B) The active site region used in the QM calculations is shown as sticks in standard CPK colors, but
with carbon atoms (dark gray), fluorine (light blue spheres), aluminum (dark gray sphere), G6P
(purple carbon atoms as spheres), and MglI ion (green sphere) . Structural waters (red) are drawn as
ball and sticks and annotated with the water number in the model (SI Section 14) . An asterisk
denotes truncation points in the model which are consistently adjacent to a backbone amide (SI

Section 14).
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391 A) Experimental ’F 1D NMR spectra of BPGMuyr:AlF4:G6P complex in 90% H,O and 10% D,O,
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396 complex (F; spectra A and B), and BPGMpin:AlF4:G6P complex (G; spectra C and D) are

397 presented alongside solvent induced isotope shift (SIIS) values for each of the resonances (SI

398 section 13).
399
400
401
402

34



35

404

405

406
407
408
409
410
411
412
413
414
415
416
417
418

419

420

421

422

36

0.8
A 2.5 - C B.- 1.0.5u9 E
I ‘\\ 0.7 sse H-O-D10 132
=71 —— P-0-Sugar
24 - - PO-D8 s =
= <. HOD10 . [ — -1.284
L 05 e
< <~ —-—H-O-Sugar 5 O | —— &
£ 20 ~ £ [— g
= = - Soa _.— S
5 I M e 124
2 5. |
B 167 O - - 0371 | et
5 [ 00 S
. 0.2 | ... 120
12480
T R = 0.1
"""" 1.16
0.8 0.0 T T T T T T T T d
@ @ @ @ -02 00 02 04 06 08 10 12 14 02 00 02 04 06 08 10 12 14
08
B 50 D —— P-0-Sugar F 25
0.7 --- P-0-D8
40 0.6 520
=S
= - £
g 30 5 05 ¥ i
3 5 g1s
< o 04 &
3 20 5 E
5 203 3
& B
10 02 $
z
0.1 -
[Ef " e
= 0.0
<012+-0[0"1-0,2:- 04 - =0.6 =108 =150, = 111.25= -+1i4 -02 00 02 04 06 08 10 12 14 -02 00 02 04 06 08 10 12 14
Reaction Coordinate Reaction Coordinate Reaction coordinate
Fig. 3

The TS model of phosphoryl transfer in BPGMwr. A) The interatomic distances for key atoms in the
phosphoryl group transfer reaction. B) The resultant free energy profile with GS at reaction
coordinate 0 and product state at reaction coordinate 1. The central numbering (and coloring)
scheme corresponds to the four segments defined between stationary points on the energy profile.
The central numbering (and coloring) scheme corresponds to the four segments defined between
stationary points on the energy profile. C) The bond order of the H-O-G6P and H-O-
D10(carboxylate) bonds across the reaction trajectory in B using the quantum chemical topology
(QCT) method (Outeiral et al. 2018; Vosko, Wilk, and Nusair 1980; Paul L A Popelier 2005) D)
The bond order of the P-O-G6P and P-O-D8(carboxylate) bonds across the reaction trajectory in B
using the QCT method. E) The charge partitioned to the 1-oxygen of G6P, and the carboxylate
oxygens of residues D8 and D10 across the reaction trajectory in B using the IQA method. F) The
improper angle that the phosphate atom makes to the plane of its associated 3 oxygen atoms across

the reaction trajectory in B.
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ANANKE derived REG values which describe the principal inter- and intra-atomic interactions in

the phosphoryl group transfer reaction. Solid lines describe interactions with covalent character,

whereas dashed lines illustrate interactions, while the coloring of a particular atom denotes a

significant self term. The color red (blue) is used to illustrate interactions that increase (decrease)

the energy barrier for the phosphoryl transfer reaction.
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1. Protein production and purification.

The pgmB gene from Lactococcus lactis together with the pgmB gene containing the D10N
mutation were cloned in pET22b+ expression vectors and used to express BPGMwr and BPGMpion
proteins in E. coli strain BL21(DE3). One liter cell cultures were grown to log phase in M9 media
(with "N isotopic enrichment), induced with 1 mM IPTG and grown for a further 16 h at 25  C.
Perdeuterated protein preparations for enzyme dynamics were grown in 100% D,O and included
>97% 2H isotope labelling of the carbon source, glucose (CortecNet). Cells were harvested by
centrifugation at 10,000 rpm for 10 min at 4 °C, decanted and frozen at —80 °C. Cell pellets were
resuspended in ice-cold standard native buffer (50 mM K" HEPES (pH 7.2), 5 mM MgCl, , 2 mM
NaNj; ) supplemented with one tablet of cOmplete TM protease inhibitor cocktail (Roche). The cell
suspension was lysed on ice by sonication for 6 cycles of pulsation for 20 s with 60 s cooling
intervals. The cell lysate was then separated by ultracentrifugation (Beckman Coulter Avanti
centrifuge) at 24,000 rpm for 35 min at 4 °C to remove insoluble matter. The cleared cell lysate was
filtered using a 0.2 um syringe filter and loaded onto a DEAE-Sepharose fast flow ion exchange
column connected to an AKTA purification system that had been washed previously with 1 column
volume of 6 M guanidine hydrochloride (GuHCIl), 1 column volume of 1 M NaOH and equilibrated
with > 2 column volumes of standard native buffer. Following extensive washing, proteins bound to
the DEAE-Sepharose column were eluted with a gradient of 0 to 100% standard native buffer
containing 0.5 M NaCl. Fractions containing BPGM were checked for purity using SDS-PAGE,
were pooled together and concentrated by Vivaspin (10 kDa MWCO). The protein sample was
filtered using a 0.2 um syringe filter and loaded onto a prepacked Hiload 26/60 Superdex 75 size-
exclusion column connected to an AKTA purification system that had been pre-equilibrated with
filtered and degassed standard native buffer containing 1 M NaCl. BPGM eluted as a single peak
and fractions containing BPGM were checked for purity using SDS-PAGE, were pooled together,
buffer exchanged into standard native buffer and concentrated to 1 mM by Vivaspin (10 kDa
MWCO) for storage as 1 mL aliquots at —20 °C. The overall yield for BPGM was ca. 60 mg protein

from 1 L of bacterial culture.
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2. NMR spectroscopy general methods

*H"”N backbone dynamics and 3D multi-dimensional heteronuclear experiments for dynamic
characterisation and resonance assignment of the PPGMpon:AlF4:G6P complex were acquired at
298 K using 1 mM *H"N or 'H”N"C-labeled apo-BPGMpiex in standard NMR buffer (50 mM K+
HEPES (pH 7.2), 5 mM MgCl,, 2 mM NaNj3 with 10% (v/v) D-O and 1 mM TSP) containing 5SmM
AICls, 20mM NaF, and 20 mM G6P. Reference "F spectra for BPGMywr and BPGMpion AIFs TSA
complexes with either G1P or G6P ligands were acquired at 298 K using 0.5 — 1 mM "“N-BPGM in
standard NMR buffer also containing SmM AlCl;, 20mM NaF, 20mM BG1P/G6P.
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3. Backbone assignment of BPGMp;on: AlF4:G6P complex

The BPGMpion:AlF.:G6P complex was generated using 1 mM 'H”N"C-labeled BPGMpiey in
standard NMR buffer (50 mM K+ HEPES (pH 7.2), 5 mM MgCl,, 2 mM NaNj3 with 10% (v/v) D,O
and 1 mM TSP) with the addition of SmM AICl;, 20mM NaF, and 20 mM G6P. Multi-dimensional
heteronuclear NMR spectra for backbone resonance assignment of the 2H,"N,"”C-labeled
BPGMpion:AlF4:GOP complex were acquired at 298 K on either a Bruker 800 MHz Avance III
spectrometer equipped with a TCI cryoprobe and z-axis gradients (MIB) or Bruker 800 MHz
Avance spectrometer equipped with a TXI probe and z-axis gradinents (Sheffield). The standard
suite of 'H”N-TROSY and 3D TROSY-based constant time experiments were acquired (HNCO,
HN(CA)CO, HNCA, HN(CO)CA, HNCACB, HN(CO)CACB) using non-uniform sampling (NUS)
with a multi-dimensional Poisson Gap scheduling strategy with exponential weighting (Hyberts,
Robson, and Wagner 2013). NUS data were reconstructed using TopSpin3 and multidimensional
decomposition (Hyberts et al. 2012). Backbone resonance assignments of the BPGMp on: AlF4:G6P
complex were obtained using a simulated annealing algorithm employed by the asstools assignment
program (Reed et al. 2003). The backbone assignment is available from the BMRB with accession
code (BMRB: 27697).



98 4. Chemical shift comparisons between the BPGMw1:AlF,:G6P and

99 BPGMD10N3A1F4ZG6P TSA complexes.
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121  Fig. S1

122 The combined chemical shift differences between the backbone assignments of WT and D10N

123  variants of BPGM complexed with AIF,; and G6P. The combined chemical shift was generated

124  using the equation presented in Williamson 2013 (Williamson 2013) , with a the alpha scaling factor
125  setto 0.133 to account for the difference in spectral widths of the 'H and "N dimensions. A) The
126 magnitude of the combined chemical shift change as a b-factor putty on a crystal structure of the
127  BPGMuwr:AlF4:G6P complex (PDB: 2WF6; (Baxter et al. 2010)) structure, with the polypeptide

128 chain coloured from blue to red (N-term to C-term) and with the G6P ligand represented as pink
129  sticks. B) The magnitude of the combined chemical shift difference between the two complexes by
130 residue, with secondary structure indicated and a colour bar that refers to the colouring of the

131  structure in part A.



132 5. Comparison of Cf chemical shift of aspartates in fPGM complexes

133
Complex WT:BeF; | WT:MgF;:G6P WT:AIF,:G6P WT:BeF;:G6P
BMRB ID 17851 7234 15467 17852
Residue:
10 40.244 38.331 38.444 -
180 38.648 38.771 38.742 38.736
149 38.971 38.976 38.976 38.951
78 39.130 39.238 39.212 39.177
61 39.412 39.444 39.389 39.319
51 39.489 39.476 39.617 39.459
58 39.560 39.502 39.446 39.488
102 39.593 39.561 39.559 39.602
197 39.558 39.650 39.621 39.603
15 43.166 39.855 39911 41.010
86 40.819 40.733 40.675 40.706
196 41.111 41.085 41.084 41.060
137 41.396 41.259 - 41.356
91 40.935 41.319 41.261 41.129
203 41.524 41.376 41.379 41.482
170 42.545 41.405 41.358 41.764
193 41.815 41.611 41.609 41.633
37 41.697 41.791 41.786 41.801
133 42.371 42.170 42.136 42.184
8 43.163 43.811 44.011 43.285

134

135 Table S1. CB carbon chemical shifts for all of the assigned aspartate residues in several BPGM
136 complexes, both open (BeF5” complex; (Griffin et al. 2012)) and closed (MgF;™ and AlF, complexes;
137 (Baxter et al. 2010)). Residues were ordered by chemical shift in the MgF;:G6P complex.
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6. Protein backbone relaxation measurments and modelfree analysis

NMR Relaxation Measurements on WT:AlF4:G6P and D10N:AlF4:G6P complexes.

BPGMwr:AlF;:G6P and BPGMpion:AlF.:G6P  samples for "N fast timescale relaxation
measurements were performed using *H"N labelled BPGM enzyme in 5mm Shigemi D,O matched
tubes. Sample conditions for BPGMyr:AlF4:G6P complex - ImM BPGMyr, 2mM AICl;, 10mM
NaF, 10mM G6P, 5mM MgCl,, 2mM NaN;, ImM TSP. Sample conditions for the
BPGMpion: AlF4:GOP complex were ImM BPGMpion , SmM AICl;, 20mM NaF, 20mM G6P, 5SmM
MgCl,, 2mM NaNs, ImM TSP.

Experiments were acquired using a Bruker 600 MHz Avance DRX spectrometer equipped with a 5-
mm TXI cryoprobe and z-axis gradients (Sheffield), a Bruker 800 MHz Avance spectrometer
equipped with a 5-mm TXI probe and z-axis gradients (Sheffield), and for the BPGMpion: AlF4:G6P
complex an additional data series using a 950MHz Avance III spectrometer equipped with a TCI

probe and z-axis gradients (Crick Institute, London).

Spin-lattice "°N relaxation rates (R1), rotating frame "N relaxation rates (R1p) and heteronuclear
steady-state ’N-{'"H} NOE (hNOE) values were obtained using interleaved TROSY-readout pulse
sequences (Lakomek, Ying, and Bax 2012). Temperature compensation was applied in the R1
experiment by incorporating a spin-lock pulse placed off resonance in the inter-scan delay, equal to
the longest spin-lock time and the RF power of the R1p experiment. Relaxation delays of 0, 80,
240, 400, 400, 640, 800, 1200, 1760, and 2400 ms were used to calculate R1, and delays of 1, 20,
20, 30, 40, 60, 90, 110, 150, and 200 ms were used to calculate R1p at 600 MHz and 800 MHz for
both complexes. Relaxation delays of 20, 40, 80, 240, 400, 640, 800, 1200, 1200, 1760, 2400,
3200, 4800, 6400, ms were used to calculate R1, and delays of 1, 5, 5, 10, 15, 20, 20, 40, 60, 90,
110, 140, 160, 200 ms were used to calculate R1p for the PPGMpion:AlF4.:GOP at 950MHz. The
inter scan delay was 3.5 s and the strength of the RF spin-lock field during R1p measurement was
1400 Hz at 600MHz, 1866.7 at 800MHz, and 1500 HZ at 950MHz. For the hNOE measurement,

two interleaved experiments were acquired with relaxation delays of 10s.

Experiments were processed in NMRpipe (Delaglio et al. 1995) using a squared sine bell window
function, without linear prediction in either dimension. R1 and R2 values were determined in PINT
(Niklasson et al. 2017) by fitting the integral of the assigned peak to a decaying exponential
function across the relaxation series . R2 values were calculated in PINT from fitted R1 values.
hNOE values were also fitted in PINT by calculating the difference in peak integral between

saturated and unsaturated spectra.
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Model free analysis

Model free analysis (Lipari and Szabo 1982a, 1982b; Halle 2009; Halle and Wennerstrom 1981;
Halle and Carlstrom 1981; Halle et al. 1981) was performed using relax (E J d’Auvergne and
Gooley 2008a, 2008b, Edward J. d’ Auvergne and Gooley 2007, 2006, 2003; Bieri, d’ Auvergne, and
Gooley 2011). RI1, Rlp, and hNOE values at 600MHz and 800MHz were used for the
BPGMyr1:AlF4:G6P complex with backbone amide coordinate geometry provided by a crystal
structure of the BPGMwr:AlF4+:G6P complex (PDB: 2WF6; (Baxter et al. 2010)). R1, Rlp, and
hNOE values at 600MHz and 800MHz, and 950MHz were used for the PPGMpion:AlF4:G6P
complex with backbone amide coordinate geometry provided by a crystal structure of the
BPGMpion:AlF4:G6P (PDB: SOK2; (Johnson et al. 2018)). Model free analysis was performed in
relax using models m0-m5 in both complexes (ie. without using the extended MF formula presented
by Clore and Co-workers (Clore et al. 1990)), however the three terminal residues were excluded
due to their absence in both crystal structures. The resulting ellipsiodal diffusion tensors closely

matched the geometry of the input crystal structures.



185 PPGMwr:AlF4:G6P complex

186

Residue Model S2 S2f te<100 ortf | te>100orts | Rex (800.343762 MHz)
ps ps sh-1

1
2
3 ml 0.826+0.003
4 m3 0.84510.002 2.442+0.152
5 m3 0.831+0.002 1.006+0.136
6 m3 0.829+0.002 2.648+0.092
7 m3 0.81440.002 1.635+0.094
8 m3 0.826+0.003 3.116+0.111
9 m3 0.857+0.004 2.391+0.213
10 m3 0.842+0.008 5.007+0.349
11 ml 0.882+0.002
12 m3 0.845+0.002 1.886+0.221
13 m4 0.801+0.005 2.02+0.79 1.370+0.248
14 m3 0.862+0.002 1.027+0.144
15 m4 0.788+0.002 24.35+0.65 0.891+0.093
16 m4 0.801+0.002 8.87+0.71 3.094£0.131
17 m4 0.890+0.002 13.97+1.36 2.448+0.165
18 mé 0.852+0.005 9.20+1.15 1.417+0.272
19
20 m4 0.895+0.029 7.39+4.09 1.247+0.735
21 m3 0.835+0.001 2.838+0.096
22 m3 0.822+0.001 4.407+0.093
23 m3 0.848+0.001 4.255+0.102
24 m3 0.820+0.001 4.210£0.070
25 m3 0.832+0.002 4.760£0.145
26 m4 0.829+0.002 1.71+0.89 0.620£0.152
27
28 m3 0.732+0.001 11.036+0.082
29
30 mé 0.734+0.001 3.68+0.57 6.054+0.382
31 ma 0.795%0.002 4.13+0.71 2.770+0.131
32 mb5 0.791+0.004 | 0.841+0.003 1233.13+69.43
33 m2 0.821+0.002 7.90+0.93
34 mb5 0.769+0.011 | 0.817+0.010 1113.52+162.00
35 m5 0.458+0.009 | 0.736x0.010 1628.99+26.65
36 m4 0.837+0.002 5.50+0.92 0.851+0.137
37 m4 0.768+0.001 6.16+0.64 0.985+0.060
38 m4 0.845+0.019 2.77+1.30 1.011+0.678
39 m4 0.809+0.002 10.75+0.76 1.028+0.125
40 m3 0.871+0.002 1.563+0.138
41 m4 0.850+0.002 3.59+1.16 2.029+0.120
42 m3 0.785%0.002 5.736x0.140
43 m3 0.834+0.001 1.960+0.107
44 m4 0.818+0.002 6.28+0.93 1.068+0.132
45 mé 0.810+0.002 4.43+0.93 2.004+0.098
46 m2 0.851+0.002 4.08+1.09
47 mé 0.801+0.001 5.47+0.82 2.715+0.069
48 mb5 0.837+0.003 | 0.859+0.002 610.85+61.02
49 mé 0.850+0.002 5.09+1.22 3.159+0.124
50 m4 0.814+0.002 4.83+0.89 2.454+0.117
51 m4 0.825+0.001 5.94+0.87 1.917+0.190
52 m4 0.854+0.002 2.55+1.21 1.175+0.169
53 m3 0.82510.002 4.081+0.090
54 m4 0.842+0.001 1.80+1.05 2.593+0.092




Residue Model S2 S2f te < 100 or tf te > 100 or ts Rex (800.343762 MHz)
ps ps sh-1

55 m3 0.836+0.001 2.723+0.086
56 m3 0.835+0.002 2.176+0.104
57 m3 0.825+0.002 3.936+0.122
58 mé 0.842+0.003 2.67+1.04 2.420+0.122
59 m2 0.880+0.002 6.32+1.38
60 ma 0.800+0.002 3.55+0.84 1.927+0.104
61 m5 0.718+0.009 | 0.789+0.007 1053.73+45.18
62 m5 0.821+0.002 | 0.846+0.002 409.12+39.37
63 m5 0.785+0.002 | 0.824+0.003 403.44£55.39
64 m5 0.733+0.001 | 0.772+0.002 206.41+23.03
65 m4 0.835+0.002 7.05+0.94 0.733+0.097
66 m2 0.873+0.011 6.47+1.57
67 m2 0.856+0.004 3.99+1.15
68 m2 0.854+0.002 5.28+1.16
69 m4 0.833+0.001 2.67+1.06 2.593+0.087
70 mé 0.821+0.002 2.37+0.92 1.7750.070
71 ma 0.850+0.002 3.06+1.06 1.396x0.104
72 m3 0.860+0.001 0.206+0.129
73 m3 0.837+0.002 3.105+0.152
74 m4 0.843+0.002 2.23+1.08 1.747+0.161
75 m4 0.853+0.002 5.90+1.12 0.596+0.191
76 m3 0.863+0.002 1.126+0.102
77 m3 0.861+0.001 2.342+0.124
78 m5 0.836+0.002 | 0.850+0.002 793.29+122.02
79 m2 0.869+0.002 2.10+1.26
80 m4 0.828+0.002 1.59+1.00 2.757+0.118
81 m3 0.863+0.001 1.362+0.095
82 m4 0.854+0.002 2.70+1.14 1.409+0.121
83 m5 0.834+0.003 | 0.847+0.005 512.86+111.53
84 m4 0.772+0.001 11.66+0.62 3.396+0.140
85 m4 0.859+0.002 12.34+0.97 1.445+0.117
86 m5 0.760+0.002 | 0.844+0.002 894.30+23.80
87 m4 0.825+0.002 14.77+0.80 1.635%0.092
88 m4 0.835+0.001 6.35+1.04 2.396+0.078
89
90 ml 0.867+0.007
91 mé 0.810+0.001 3.64+0.95 1.923+0.107
92 m3 0.875+0.002 2.227+0.102
93 m3 0.889+0.004 1.863+0.141
94
95 m4 0.831+0.016 16.51+2.20 3.681+0.552
96 m4 0.838+0.002 2.31+0.97 3.429+0.097
97 m3 0.863+0.001 2.182+0.102
98 m3 0.812+0.002 5.021+0.178
99 m3 0.840+0.001 2.543+0.179
100 m3 0.862+0.002 1.124+0.127
101 m3 0.839+0.002 2.280+0.097
102 m3 0.830+0.002 3.398+0.087
103 m3 0.853+0.003 2.720+0.132
104 m3 0.853+0.001 1.268+0.102
105
106 ml 0.871+0.002
107 m4 0.867+0.002 3.63+1.36 0.445+0.149
108 m4 0.829+0.002 2.14+0.99 1.347+0.130
109 m3 0.838+0.001 1.822+0.069




189

Residue Model S2 S2f te < 100 or tf te > 100 or ts Rex (800.343762 MHz)
ps ps sh-1

110 m3 0.778+0.001 2.386x0.080
111 m3 0.844+0.002 3.820+0.097
112 m3 0.826+0.002 2.776x0.084
113 m3 0.837+0.001 3.083+0.096
114 m3 0.817+0.001 2.131+0.122
115 m0
116 m3 0.844+0.002 2.367+0.198
117
118 m2 0.851+0.003 4.67+1.14
119 m3 0.849+0.002 2.247+0.131
120
121 m3 0.839+0.005 0.861+0.186
122 m3 0.8650.003 1.143+0.142
123 m3 0.827+0.002 3.388+0.138
124 m3 0.851+0.002 2.008+0.107
125
126 mé 0.813+0.003 2.55+0.91 1.173+0.137
127 mé 0.854+0.003 4.43+1.09 2.074+0.167
128 m3 0.807+0.002 4.098+0.133
129 m5 0.856+0.003 | 0.878+0.003 732.07+94.45
130 m2 0.853+0.013 8.02+1.34
131 m4 0.822+0.002 1.60+0.89 3.416+0.106
132 m4 0.822+0.001 3.92+0.90 0.876x0.087
133 m3 0.834+0.002 0.424+0.086
134 m3 0.801+0.002 1.760+0.086
135 m4 0.801+0.004 1.65+0.85 0.625+0.137
136 m3 0.876x0.002 1.062+0.084
137 mé4 0.748+0.002 8.05+0.55 1.824+0.080
138
139 mé4 0.760+0.012 4.45+0.87 5.921+0.471
140 mé4 0.7750.002 11.65+0.63 0.464+0.095
141 m5 0.658+0.001 | 0.765+0.001 537.22+6.02
142 m5 0.5750.002 | 0.803+0.005 842.29+9.49
143 m5 0.619+0.001 | 0.738+0.001 497.35+4.22
144 m2 0.799+0.003 9.92+0.71
145 m5 0.839+0.003 | 0.874+0.002 517.74+33.52
146
147 m3 0.916+0.001 2.587+0.091
148
149 m3 0.898+0.001 0.868+0.064
150 m3 0.813+0.001 3.668+0.168
151 m5 0.794+0.008 | 0.828+0.006 645.36+68.00
152 m3 0.803+0.002 3.911+0.132
153 m3 0.855+0.009 1.925+0.333
154 m3 0.842+0.002 2.605+0.138
155 m3 0.813+0.002 3.738+0.139
156
157 m3 0.816+0.002 4.199+0.226
158 m3 0.810+0.002 1.682+0.141
159 m4 0.822+0.003 1.50+0.81 3.266+0.213
160 m3 0.834+0.002 2.644+0.089
161 m4 0.802+0.002 5.57+0.68 3.771+0.128
162
163 m2 0.831+0.003 14.07+£1.07




Residue Model S2 S2f te < 100 or tf| te > 100 or ts| Rex (800.343762 MHz)
ps ps sh-1

164 m4 0.801+0.002 1.76+0.76 3.683x0.131
165 m3 0.847+0.002 0.833x0.150
166 m3 0.886x0.004 2.891+0.190
167 m3 0.833+0.003 1.572+0.116
168 m3 0.850+0.002 1.478+0.083
169 m3 0.809+0.002 3.461+0.087
170 m4 0.810+0.002 1.65+0.90 1.102+0.116
171 m4 0.880+0.003 3.64+1.50 1.649+0.277
172 m4 0.840+0.002 2.08+0.99 2.080+0.134
173 m3 0.908+0.015 0.812+0.456
174 m3 0.857+0.003 1.661+0.131
175 m5 0.776+0.002 | 0.817+0.003 883.51+72.78
176 m3 0.864+0.002 1.945+0.130
177 m3 0.855x0.002 2.427+0.080
178 m3 0.816x0.001 3.520+0.123
179 m3 0.854+0.004 2.586+0.311
180 m3 0.846x0.002 1.539+0.140
181 m3 0.827+0.002 0.808+0.170
182 m3 0.806x0.001 3.549+0.185
183 m3 0.838+0.004 4.281+0.233
184
185
186 m3 0.816+0.002 0.990+0.101
187 m3 0.837+0.001 2.408+0.082
188 m3 0.859+0.002 1.979+0.096
189 m3 0.832+0.002 2.478+0.140
190 m4 0.811+0.001 5.21+0.76 1.161+0.059
191
192 m2 0.851+0.002 7.30+£1.18
193 m4 0.806x0.002 7.19+0.78 2.618+0.152
194 m2 0.813+0.002 5.82+0.84
195 m4 0.814+0.002 10.10+0.85 1.024+0.090
196 mb5 0.726+0.002 | 0.769+0.002 437.06+27.10
197 mb5 0.851+0.003 | 0.875+0.003 578.13+£72.73
198 m5 0.715£0.002 | 0.744+0.001 469.13+30.97
199 m4 0.837+0.002 7.65+1.06 0.747+0.103
200 m4 0.821+0.001 2.96+0.97 1.898+0.069
201 m4 0.823+0.001 3.57+0.87 2.381+0.075
202
203 mé 0.810+0.001 3.13£0.77 2.929+0.080
204 m4 0.821+0.002 3.17+0.93 2.253+0.097
205 m4 0.870+0.002 3.78+£1.36 3.957+0.207
206 m3 0.843+0.002 5.119+0.137
207 mb5 0.866+0.002 | 0.879+0.009 372.52+104.61
208 m4 0.724+0.001 2.03+£0.58 2.742+0.059
209 m3 0.863+0.001 0.575x0.074
210 m4 0.837+0.002 2.37£1.04 0.737+0.078
211 m2 0.873+0.002 5.51+1.40
212 ml 0.886+0.002
213 m3 0.829+0.001 1.518+0.102
214 m5 0.822+0.005 | 0.838+0.004 (1164.56+219.9)
215 m2 0.863+0.001 5.11+1.18
216 m3 0.877+0.008 1.122+0.362
217 m5 0.790£0.010 | 0.831+0.007 1429.17+140.7]
218 m5 0.826+0.003 | 0.856+0.002 582.74+45.14




191

192

BPGMbpion:AlF4:G6P complex

Residue Model S2 Saf te < 100 or tf te > 100 or ts Rex (950.454467115 MHz)
ps ps st

1
2
3 m2 0.788+0.004 2.89+0.58
4 m3 0.837+0.005 1.940+0.225
5 m2 0.803+0.003 3.38+0.64
6 ml 0.812+0.002
7 m4 0.797+0.003 1.39+0.62 0.805+0.161
8 ml 0.831+0.002
9
10
n mil 0.848+0.003
12 m2 0.832+0.004 1.16+0.70
13 m2 0.779+0.004 2.17+0.52
14 m4 0.823+0.004 6.72+0.77 0.681+0.181
15 m5 0.747+0.002 0.787+0.002 280.51+23.69
16 m5 0.740+0.003 0.778+0.003 321.41+27.88
17 m5 0.878+0.003 0.891+0.006 252.88+89.21
18 m5 0.795+0.007 0.827+0.006 1102.05+115.37
19 m4 0.757+0.002 4.14+0.43 2.320+0.153
20 m4 0.806+0.004 6.54+0.57 2.525+0.298
21 m4 0.810+0.002 2.15+0.59 0.753+0.161
22 m2 0.835+0.002 3.58+0.66
23 m4 0.811+0.002 2.06+0.59 1.788+0.196
24 m4 0.815+0.003 3.35+0.62 1.504+0.165
25 m4 0.801+0.003 0.91+0.56 5.088+0.191
26 m2 0.803+0.002 4.51+0.55
27 m3 0.810+0.004 1.266+0.244
28 m3 0.799+0.003 2.613+0.218
29 m4 0.786+0.003 2.41+0.50 2.313+0.204
30 m4 0.781+0.004 6.99+0.49 1.763+0.365
31 m2 0.775+0.002 5.26+0.44
32 m5 0.731+0.004 0.793+0.003 1101.91+42.02
33 m5 0.736+0.006 0.779+0.004 846.77+53.38
34 m5 0.768+0.010 0.799+0.011 438.74+94.99
35 m5 0.460+0.007 0.555+0.010 763.39+40.07
36 m4 0.813+0.002 7.28+0.60 0.443+0.143
37 m2 0.740+0.001 5.92+0.40
38 m5 0.861+0.007 0.876+0.010 352.68+199.18
39 m5 0.790+0.003 0.810+0.002 338.20+56.89
40 ml 0.843+0.002
41 m2 0.827+0.001 2.16+0.75
42
43 m2 0.828+0.003 3.76+0.72
44 m4 0.802+0.004 5.55+0.63 0.383+0.188
45 m4 0.788+0.003 6.32+0.55 0.768+0.174
46 mil 0.824+0.004
47 m2 0.811+0.002 6.89+0.64
48 m5 0.802+0.004 0.825+0.003 439.94+57.87
49 m4 0.849+0.003 7.09+0.84 0.865+0.217
50 m2 0.807+0.001 6.67+0.58
51 m2 0.823+0.004 3.43+0.67
52
53 m4 0.822+0.003 1.83+0.72 1.510+0.143
54 m2 0.833+0.002 2.41+0.71
55 mil 0.828+0.003




194

195

197

Residue Model S2 S2f te < 100 or tf te > 100 or ts Rex (950.454467115 MHz)
ps ps st

56 m2 0.807+0.003 1.93+0.64
57 m4 0.824+0.004 2.61+0.66 1.209+0.194
58 m4 0.819+0.004 2.78+0.67 1.985+0.227
59 m4 0.849+0.003 7.28+0.81 0.912+0.139
60 m4 0.778+0.004 7.37+0.55 1.484+0.203
61 m5 0.743+0.010 0.815+0.008 579.43+29.20
62 m5 0.776+0.004 0.807+0.002 440.30+38.48
63 m5 0.747+0.002 0.791+0.003 329.08+28.92
64 m5 0.695+0.002 0.744+0.002 254.29+13.99
65 m2 0.801+0.002 9.89+0.79
66 m4 0.826+0.033 3.61+1.13 1.712+1.062
67 m2 0.811+0.004 6.13+0.60
68 m2 0.813+0.003 6.82+0.66
69
70 m5 0.710+0.010 0.779+0.003 6739.16+2140.12
71
72 m4 0.819+0.001 3.20+0.69 0.841+0.191
73 m4 0.823+0.003 3.14£0.72 3.043+0.144
74 m4 0.819+0.004 3.08+0.66 0.909+0.195
75 m2 0.814+0.004 7.80+0.65
76 m3 0.841+0.004 1.783+0.191
77 m2 0.859+0.002 1.45+0.87
78 m2 0.778+0.002 7.60£0.76
79 m4 0.842+0.004 4.46+0.85 0.278+0.169
80 m4 0.801+0.004 5.73+0.63 1.766+0.216
81 m2 0.852+0.003 4.19+0.86
82 m4 0.843+0.004 1.60£0.79 0.524+0.164
83
84 m5 0.762+0.004 0.790+0.004 200.14+36.84
85 m2 0.832+0.002 9.42+0.68
86 m5 0.696+0.002 0.787+0.003 867.20+20.31
87 m4 0.794+0.002 12.12+0.53 1.011+0.104
88 m2 0.829+0.002 5.22+0.75
89
90 m2 0.851+0.009 6.31+0.99
91 m2 0.806+0.003 4.43+0.62
92
93 m2 0.847+0.003 3.88+0.94
94
95 m5 0.913+0.007 0.957+0.007 365.26+52.89
96 m3 0.821+0.002 1.664+0.130
97 ml 0.844+0.004
98 m3 0.805+0.008 3.015+0.399
99
100 m2 0.843+0.002 1.50+0.77
101 m4 0.813+0.002 1.97+0.70 0.702+0.186
102 m3 0.820+0.003 0.995+0.147
103 m3 0.830+0.003 1.130+0.184
104 m3 0.786+0.003 3.303+0.193
105
106 m2 0.834+0.002 3.95+0.65
107 m2 0.836+0.002 6.06+0.79
108 m2 0.762+0.007 4.73+0.56
109 m2 0.827+0.002 2.79+0.72
110 m2 0.772+0.001 1.64+0.51




198

199

Residue Model S2 S2f te < 100 or tf te > 100 or ts Rex (950.454467115 MHz)
ps ps st

11 ml 0.845+0.003
12 m3 0.811+0.002 0.391+0.093
13 m2 0.811+0.002 3.28+0.69
114 ml 0.806+0.002
115
116 m4 0.805+0.002 3.27+0.58 2.943+0.133
17 m2 0.789+0.003 4.28+0.52
18 m2 0.822+0.004 2.49+0.71
119 m2 0.795+0.001 0.96+0.55
120
121 m4 0.810+0.003 3.29+0.62 1.168+0.154
122 m3 0.835+0.003 0.461+0.195
123
124 m4 0.826+0.004 3.59+0.72 1.045+0.228
125 m4 0.821+0.003 5.59+0.70 1.222+0.231
126 m2 0.781+0.002 3.75+0.52
127 m2 0.836+0.004 8.60+0.73
128 m4 0.782+0.003 4.35+0.48 3.201+0.202
129 m2 0.822+0.003 8.64+0.70
130 m2 0.828+0.014 3.25+0.86
131 m4 0.804+0.002 4.08+0.55 1.740+0.112
132 m2 0.792+0.002 5.26+0.52
133 m2 0.790+0.003 1.07+0.55
134 ml 0.794+0.002
135 m2 0.760+0.002 1.98+0.54
136 m2 0.831+0.002 4.09+0.77
137 m4 0.723+0.002 9.44+0.39 1.118+0.110
138
139 m4 0.803+0.002 10.86+0.58 1.027+0.137
140 m2 0.753+0.002 9.44+0.44
141 m5 0.665+0.002 0.768+0.002 385.19+7.69
142 m5 0.582+0.002 0.675+0.002 323.77£7.14
143 m5 0.611+0.002 0.725+0.001 357.13+4.61
144
145
146
147 m2 0.881+0.002 4.37+1.00
148
149 ml 0.874+0.002
150 m3 0.816+0.003 1.582+0.230
151 m4 0.829+0.003 2.85+0.75 1.594+0.318
152 m4 0.779+0.002 3.38+0.52 3.242+0.233
153
154 m3 0.826+0.003 0.477+0.180
155 m4 0.800+0.004 0.91+0.57 2.119+0.218
156 m4 0.809+0.004 1.95+0.59 0.719+0.196
157 m2 0.827+0.005 5.25+0.73
158 ml 0.747+0.002
159 m3 0.790+0.005 1.446+0.244
160 m3 0.798+0.002 1.847+0.202
161 m2 0.810+0.001 5.61+0.55
162
163 m2 0.756+0.003 5.38+0.52
164 m3 0.815+0.003 0.370+0.174
165 m4 0.800+0.005 2.47+0.62 0.650+0.260




202

204

Residue Model S2 S2f te < 100 or tf te > 100 or ts (950.454467115
ps ps st

166
167 m2 0.803+0.003 1.13+0.58
168 mil 0.813+0.003
169 m3 0.808+0.003 0.511+0.120
170 m2 0.780+0.002 0.91+0.53
171 m2 0.871+0.004 4.78+1.00
172 m4 0.824+0.004 4.84+0.68 0.764+0.204
173 m4 0.856+0.003 3.52+0.86 0.388+0.175
174 m3 0.828+0.007 0.899+0.279
175 m4 0.818+0.003 2.06+0.65 2.144+0.205
176 m4 0.840+0.004 1.46+0.78 3.154+0.206
177 m3 0.830+0.002 1.349+0.158
178 m3 0.797+0.002 1.862+0.167
179
180 m2 0.830+0.003 6.36+0.70
181 ml 0.808+0.004
182 m4 0.804+0.007 1.71+0.63 0.542+0.319
183 m4 0.825+0.006 2.00+0.61 1.755+0.302
184 m2 0.822+0.002 6.58+0.70
185
186 m2 0.793+0.003 1.89+0.58
187 ml 0.827+0.001
188 ml 0.848+0.002
189 mé4 0.797+0.003 2.52+0.53 1.161+0.148
190 m2 0.782+0.001 6.29+0.49
191
192 m2 0.818+0.003 7.88+0.72
193 m4 0.785+0.003 3.73+0.53 2.225+0.178
194 m2 0.777+0.002 5.51+0.53
195 m5 0.733+0.002 0.768+0.002 785.79+42.62
196 m5 0.700+0.003 0.744+0.003 269.76+21.92
197 m5 0.798+0.005 0.839+0.003 608.79+36.62
198 m5 0.657+0.002 0.699+0.002 649.44+21.82
199 m5 0.778+0.002 0.806+0.002 760.62+49.93
200 m2 0.818+0.002 3.10+0.68
201 m2 0.816+0.002 3.88+0.63
202
203 m4 0.783+0.003 3.58+0.44 1.860+0.126
204 m2 0.795+0.002 5.47+0.55
205 m4 0.850+0.003 4.04+0.82 2.060+0.200
206 m4 0.838+0.004 3.31+0.72 2.855+0.246
207
208 m4 0.715+0.002 3.18+0.38 0.766+0.069
209 m4 0.829+0.002 2.53+0.77 0.193+0.099
210 m5 0.749+0.002 0.791+0.002 2049.27+194.03
21
212 m2 0.855+0.003 4.55+0.87
213 m4 0.802+0.003 1.98+0.63 0.744+0.165
214 m2 0.810+0.003 7.73+0.66
215 m2 0.823+0.003 7.94+0.69
216
217 m5 0.751+0.016 0.811+0.011 894.89+87.55
218
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231 FigS2
232 The model free comparison of BPGMwr:AlF,:G6P and BPGMpion: AlF4:G6P complexes. A) A ribbon
233 representation of the tertiary structure of BPGM (with N- to C-term from blue to red respectively)
234  with o-helices and B-sheets annotated. B) Order parameters for BPGMwr:AIF:G6P (black) and

235 PBPGMpion:AlF4:G6P (red) complexes plotted with error (1 standard deviation (SD)). C) The

236 absolute order parameter difference between PPGMuwr:AlF4:G6P and BPGMp,on: AlF4:G6P
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237  complexes is presented with error bars at 1 SD (red). Horizontal lines correspond to the standard

238 deviations for the dataset.



239 7. Chemical shift transition towards unfolded state analysis
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260 The combined backbone amide chemical shift differences between the assignments of WT and

261 DION variants of BPGM complexed with AlF, and G6P. Chemical shifts of the

262  BPGMpion:AlF4:GOP complex were compared to both WT and a random coil chemical shift library
263  (without local sequence compensation) (Schwarzinger et al. 2000). If the chemical shift moved

264 towards random coil, the combined chemical shift was reported as in Williamson (Williamson

265 2013). Transition to random coil is primarily observed in the active site with large transitions for
266 key residues in the hinge region (113, A17, G18 and S171). A) residues that indicate transition to
267 random coil, between PPGMwr: AlF,:G6P and BPGMpion: AlF4:G6P complexes, with the

268 polypeptide chain coloured from blue to red (N-term to C-term), magnitude of combined chemical
269 shift change indicated by b-factor putty, and AlF, and G6P (pink) ligands included for reference. B)
270 The absolute value of the chemical shift change towards random coil-like chemical shift per residue
271  with secondary structure indicated and a color bar that refers to the coloring of the structure in part

272 A. Horizontal lines correspond to the standard deviations for the dataset.
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302 Chemical shift analysis of combined backbone amide (HN and N) chemical shift perturbation. A)
303 Comparison of BPGMuyr:AlF4:G6P and BPGMpion: AlF4:G6P complexes, B) comparison of
304 BPGMwr:MgF3:G6P and BPGMwr:BeF;:G6P complexes, C) comparison of BPGMwr:MgF3:G6P and

305 BPGMpion:pG16BP complexes.
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8. X-ray crystallography methods

Crystallization and refinement of the BPGMp;on: AlF4:G6P structure was reported previously
(Johnson et al. 2018), however subsequent refinement of the BPGMp on: AlF4:G6P structure with
carboxamide of residue N10 in both 180° sidechain rotamers is presented here. Initial refinement
with the N10 carboxamide oriented such that the carbonyl atom coordinated the 1-OH group of
G6P, resulted in a > 3 o difference map peaks for the nitrogen atoms indicating that the incorrect
rotamer had been modelled (Fig. S5). Reorientation of the carboxamide such that the nitrogen atom
coordinates the 1-oxygen atom of G6P (O1lgep) and subsequent refinement results in the

disappearance of difference map peaks at this position.

Given the energetic penalty associated with deprotonation of the O1ge atom when coordinated by
the NH, group of N10, it would suggest that a conformer where the 1-OH group is not deprotonated
would be preferred. This prediction strongly correlates with the solution NMR data presented in
Supplementary section 13 (Fig. S7), where the BPGMpion:AlF4:H,O:BG1P complex (PDB: SO6R;
(Johnson et al. 2018)) is preferred at equilibrium in a conformation where the N10 sidechain amine
coordinates a water molecule, rather than the nucleophilic 1-OH group. In this case, the enzyme
preparation has equilibrated G6P with BG1P in the dead-time of the experiment due to residual
catalytic activity (Johnson et al. 2018), which permitted the observation of equilibrium populations

of the two complexes.

Refinement of another BPGMpon:AlF,:G6P crystal at a higher resolution was performed (1.02 A;
PDB: 6L03) to further investigate the nature of the TSA binding. The crystal was both obtained and
refined using the methods described previously (Johnson et al. 2018). This crystal was a plate
morphology, data collection statistics presented in Table S2. Ligands were omitted until final
rounds of refinement to avoid building into biased Fourier maps. In order to satisfy the electron
density present, it was necessary to model ca. 50 residues across the cap and core domain with split
occupancies, with the second occupancy chain translated ca. 1 A away from the first chain. A B-
factor weighting of 0.001 was applied in the final stages of refinement to avoid biasing atomic
positions to minimise local b-factors. The resulting structure closely reflects the previous structure,

and accommodates the ligand in a near identical manner (Fig. S6).
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9. Fig. S4 N10 sidechain rotamer indicates deprotonation of G6P 1-OH

group.

Fig S5.
Difference density (Fo — Fc; green mesh) for the BPGMpion: ALF4:G6P structure (PDB: 50K2;

(Johnson et al. 2018)). Selected active site residues are shown as sticks in standard CPK colors,
with carbons (grey), aluminum (dark grey). fluorine (light blue), and magnesium (light green). The
G6P ligand is shown with purple carbon atoms (for clarity) and structural waters are shown as small
red spheres. Yellow dashes indicate hydrogen bonds to and from residue N10 and black dashes
show metal ion coordination. The difference density was generated following N10 side chain

reorientaion in the final structure (with subsequent re-refinement) and is contoured at 3c.
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Data acquisition

10. X-ray crystallography data acquisition and refinement table.

Complex BPGM,, ,:AIF,:G6P
PDB code 6L03
Wavelength (\AA) 0.97949
Beamline 102

Facility DLS

Space group P22 2

Cell dimensions

a,b,c,(A) 37.52,54.28,104.42
06,7 () 90.00, 90.00, 90.00

Resolution (A)!

1.2
merge

1
pim

37.52-1.02 (1.02 — 1.05)
0.045 (0.917)

0.021 (0.589)

CC-half 0.999 (0.542)
<I/ol>! 16.1 (1.3)
Completeness (%) ! 97.6 (82.5)
Multiplicity ! 6.5(3.7)
Total reflections 106736
Unique reflections 6606
Molecular replacement model 2WEF6
Data refinement

R (%) Ry, ()" 152/175
Protein 1961
Ligands 21
Metal ions 2
Water 232
Protein residues (asterix) 219
RMS deviations:

Length 0.007
Angles 1.507
Average B factor (A2)

Main chain 13.58
Side chains 16.46
Ligands (AIF, then G6P) 11.48, 11.44
Metal Tons (Mg?** then Na*) 10.31,16.70
Water 23.94
Ramachandran analysis

Favoured/allowed (\%) 97.65
Disallowed (\%) 0.39
Molprobity score (percentile) 1.27 (88™)
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Table S2 (previous page).

Data acquisition and processing for the new BPGMpion:AlF4:G6P complex.

"Values for the higher resolution shell are in parenthesis.

2 Ry =2, 2 )=T(R)IX, 2 1(h), | where I(h) is the mean weighted intensity after rejection of
outliers.

3 R=% IF sl = K| F el % IF | , where F and F... are the observed and calculated structure factor

amplitudes.

4 Rfreezh; IF po|=kIF , lf hg; |F | »where Fo; and Feu. are the observed and calculated structure
Fis Fis

factor amplitudes and T is the test set of data omitted from refinement (5% in this case)
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11. Omit map for PPGMpion:AlF4:G6P complex (PDB: 61.03)

Fig S6
The difference density (Fo — Fc; green mesh) for the BPGMp,on: ALF4:G6P structure (PDB: 6L.03).

Selected active site residues are shown as sticks in standard CPK colors, with carbons (grey),
aluminum (dark grey). fluorine (light blue), and magnesium (light green). The G6P ligand is shown
with purple carbon atoms (for clarity) and structural waters are shown as small red spheres. Yellow
dashes indicate hydrogen bonds and black dashes show metal ion coordination. The difference
density was generated following omission of the AlF4 and G6P from the final structure (with

subsequent re-refinement) and is contoured at 3c.



408
409

410

411

412
413

414
415
416
417
418
419
420
421

12. Table angles within crystalographically determined AlF, groups.

PDB: 081, — Al -Fx (°) Ol —Al-Fx (%) Al -F, , improper angle
2WF6 91.22 88.90 1.70 *
50K2 89.10 90.97 1.32
6L03 88.00 92.10 2.84

Table S3

Fx— Al — Od1ps and Fx — Al — Olger angles averaged across the four fluorides in each of the the
AlF4 TSA complexes. Additionally the improper angle that the Al atom makes to the square plane
of the 4 fluorides is reported as an average of all possible planes to account for any asymmetry

present. The asterisk in the 2WF6 complex denotes that the angle is of opposite direction to the

improper angle reported for SOK2 and 6L03 structures.
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13. Y’F NMR methods and SIIS determination

1D “F spectra

One dimensional \oF spectra to characterize WT and DION AlIF,:G6P TSAs were acquired using a
Bruker 500MHz Avance III spectrometer equipped with a Smm QCI-F cryoprobe with z-axis
gradients (MIB). A spectral width of 120 ppm centered at -140 ppm for "F was used without proton
decoupling. Spectra were accumulations of 1024 — 2048 transients in order to achieve a sufficient
signal-to-noise ratio. Spectra were processed with an EM window function with 10 Hz line-

broadening and were analyzed in Topspin (Bruker).

PF spectra of BPGMwr and BPGMpion AlF4:G6P TSA complexes for initial characterization were
acquired at 298 K using 0.5 — I mM "“N-BPGM in standard NMR buffer (50mM K+ HEPES pH
7.2/7.2*, 5SmM MgCl,, ImM TSP). Both BPGMwr and BPGMpion - AIF4:G6P TSA complexes were
made using SmM AICl;, 20mM NaF, and ca. 20mM GG6P.

Solvent induced isotope shift (SIIS) value determination for WT and D10N complexes.

Both BPGMuyr - and BPGMpox - AlF4:G6P complexes were made in H>O and D,O using “C-1
labelled G6P in attempt to also characterise the chemical environment of the C1 carbon in each of
the complexes. The (U)"*C1 labelled G6P was synthesized by incubating 45 mM 100% "*C1-glucose
with 14 U of hexokinase and ca. 50 mM ATP in a reaction volume of 4 ml, using a buffer of TRIS
100 mM (pH 8), MgCl, 50mM, and EDTA 2mM. The reaction was incubated for 4 hours at which
point hexokinase (90 kDa) was removed by passing the reaction mixture through a 10 kDa MWCO
vivaspin. The filtrate was split into two equal volumes and each was lyophilized overnight. One
(U)BC-1 labelled G6P mix was resuspended in 100 ul NMR buffer that contained 99.98 % D20,
while the other was resupended in 100 pul NMR buffer in 100% H,O.

WT and D10N protein samples were buffer exchanged into standard NMR buffer with either 100%
H>0 or 99.9% D-0, and two AlCl; and NaF stocks were prepared in both 100% H,O and 99.98%
D,0. The AlF,:G6P TSA complexes were made using ca. ImM WT and D10N '“N-labelled enzyme
in either 100% H,O or 99.7% D,0 standard NMR buffer, supplemented with SmM AICl;, 20 mM
NaF, and 40mM (U)"C-1 labelled G6P, resulting in 4 samples in total, two 100% H,O and two ca.
99% D,0. For H,0 samples, a 100% D,O capillary was included to provide frequency lock in the
spectrometer. These four samples were then used to record 'F and *C 1D spectra of each of the

complexes with SIIS values determined following the change in chemical shift of fluorine
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resonances in H,O and in D,0. "°F spectra were accumulations of 2048 transients with a spectral
width of 120 ppm centered at -140 ppm, without proton decoupling. Spectra were processed using
an EM window function with 10 Hz line-broadening in Topspin (Bruker), and referenced using

TopSpin internal referencing.

In the AIF4:G6P TSA complex with D10ON two separate complexes were observed. The first of these
complexes closely reflected the chemical shifts of BPGMpin:AlF4:G6P TSA complex that was
initially assigned. The second complex was more populated at equilibrium, and likely corresponds
to the BPGMpion:AlF4H,O:pG1P that has previously been observed crystallographically (PDB:
506R; (Johnson et al. 2018)). The F1 resonance in this complex that coordinates the catalytic Mg
ion has moved significantly upfield compared to the F1 resonance in the BPGMpon: AlF4:G6P TSA
complex, which is consistent with the loss of a hydrogen bond from the 2-OH group. This
observation is identical to those previously reported using the MgF;” TSA and fluoro-phosphonate

BG1P analogs which were both crystallized and characterized by NMR previously (Jin et al. 2014).



470 SIIS value determination for WT and D10N AIF,:G6P complexes.
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472  Fig S7

473 1D "F NMR spectra of BPGMwr and BPGMpox complexed with AIF,~ and G6P/BG1P. A) Presents
474  a schematic of the active site of BPGM complexed with AIF4 (blue and grey atoms), the catalytic
475 Mg*" ion (green) and a nucleophilic hydroxyl group (red) that could belong to the 1-OH or 6-OH of
476 aphosphorylated glucose, or to a water molecule. Backbone bonds are illustrated using thick lines,
477  side chains (and Mg** coordination) using thin lines, and hydrogen bonds using dashed lines.

478 Fluorine atoms are labelled in accordance with standard IUPAC nomencalture (Blackburn et al.
479 2017). B) and C) correspond to ’F NMR spectra of the BPGMwr:AlF,:G6P TSA complex in B)

480 100% H>O NMR buffer and C) 100% D,O NMR buffer. Flourine resonances are labelled according
481 to the reference scheme in A, with assignments determined previously (Baxter et al. 2010). D) and
482 E) correspond to 1D F NMR spectra of a mixed population of BPGMpon:AlF.:H,O:BG1P and

483 PPGMbpion:AlF,:G6P TSA complexes, with the BG1P complex being favored at equilibrium. The
484 BPGMpion:AlF4:H,O:BG1P complex in D) 100% H,O NMR buffer and E) 100% D,O NMR buffer
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is annotated with a transferred assignment, using the upfield shift phenomena observed in Jin et al.
2014 (Jin et al. 2014). F) and G) correspond to a magnified view of the BPGMpion: AlF4:G6P TSA
complex in the previous NMR spectra, with the the complex in F) 100% H,O NMR buffer and G)
100% D-,O NMR buffer with transferred assignments from the WT complex annotated, which
themselves were corroborated by DFT chemical shift prediction. Chemical shifts for B and C are
presented in Table S4, for D and E are presented in Table S5, and for F and G are presented in
Table S6 overleaf.
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A B Cc
Fluorine 3 (ppm) LWHH (Hz) Fluorine 3 (ppm) LWHH (Hz) Fluorine | SIIS (ppm) | ALWHH (Hz)
Fl1 -144.0 67 Fl1 -144.8 58 F1 0.8 -10
F2 -137.0 102 F2 -138.1 85 F2 1.1 -17
F3 -130.6 139 F3 -1314 123 F3 0.8 -16
F4 -140.6 111 F4 -141.4 108 F4 0.8 -3

Table S4. The chemical shifts and solvent-induced isotope shifts (SIIS) values for the
WT:AlIF4:G6P TSA complex. Subtables A (H,O) and B (D,O) correspond to the chemical shifts
and peak linewidths at half height (FWHH) for the WT:AlF4:G6P TSA complex illustrated in Fig
X. Linewidth was extracted from the spectra using the deconvolution tool dcon in TopSpin v.4.0
Subtable C gives the SIIS (ppm) for each of the fluorine resonances defined as '*F(H,O buffer) —
F(100% DO buffer), as well as the change in LWHH which is defined as LWHH(D,O buffer) —
LWHH(100% H,O buffer).

A B C
Fluorine 3 (ppm) LWHH (Hz) Fluorine 3 (ppm) LWHH (Hz) Fluorine | SIIS (ppm) | ALWHH (Hz)
F1 -140.7 274 F1 -141.1 198 F1 0.4 -76
F2 -130.7 71 F2 -131.5 69 F2 0.9 -7
F3 -127.1 100 F3 -128.0 81 F3 0.9 -19
F4 -138.0 186 F4 -138.7 168 F4 0.8 -18

Table S5. The chemical shifts and solvent-induced isotope shifts (SIIS) values for the
DI10N:AlIF4:G6P TSA complex. Subtables A (H,O) and B (D,0) correspond to the chemical shifts
and peak linewidths at half height (FWHH) for the D10ON:AIF4:G6P TSA complex illustrated in
Fig X. Subtable C gives the SIIS (ppm) for each of the fluorine resonances defined as F(H,O
buffer) — F(100% DO buffer), as well as the change in LWHH which is defined as LWHH(D,O
buffer) - LWHH(100% H-O buffer).

A B C
Fluorine S (ppm) LWHH (Hz) Fluorine S (ppm) LWHH (Hz) Fluorine | SIIS (ppm) | ALWHH (Hz)
F1 -157.6 315 F1 -158.0 340 F1 03 25
F2 -136.8 291 F2 -137.8 246 F2 1.0 -45
F3 -134.4 329 F3 -135.3 290 F3 0.9 -39
F4 -141.1 260 F4 -1422 244 F4 1.1 -16

Table S6. The chemical shifts and solvent-induced isotope shifts (SIIS) values for the
D10N:AlIF4:H,O:BG1P TSA complex. Subtables A (H,O) and B (D,O) correspond to the chemical
shifts and peak linewidths at half height (FWHH) for the D10N:Al1F4:H,O:BG1P TSA complex
illustrated in Fig X. Subtable C gives the SIIS (ppm) for each of the fluorine resonances defined as
8"F(H,0 buffer) — §“F(100% DO buffer), as well as the change in LWHH which is defined as
LWHH(D,O buffer) - LWHH(100% H,O bufter).
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14. Obtaining the active site models for the WT:AlF,:G6P and
D10N:AIFs:G6P complexes

A quantum mechanical (QM) cluster model was constructed starting from the X-ray crystal
structure of B-phosphoglucomutase inhibited with Glucose-6- phosphate (G6P) and aluminium
tetrafluoride (AIFy) (2WF6: 1.4A). This contains a transition state analogue (TSA) of BG16BP,
whereby AIFy is used in place of the transferring phosphate (PO3’) group to ‘trap’ the transition state
configuration. Amino acid residues not contributing to the stabilization of the active site through
key hydrogen bonding interactions were removed. Specifically, we included G6P, AlF, and a
catalytic Mg*" ion, along with 20 amino acid residues (8-12, 16-17, 20, 45-48, 113-116, 145, 169-
171) and 6 explicit water molecules (2014, 2077, 2127, 2210, 2211, 2250) (Fig. 1 (main
manuscript)). The resulting active site QM cluster model contained 386 atoms. All truncated amino
acid residues were capped with methyl groups, with the carbon atom held fixed during geometry
optimization to mimic the structural rigidity provided by the deleted amino acid residues. This
resulted in a total of 14 fixed carbon atoms (Fig. 1 (main manuscript)). The G6P phosphorous atom
was also held fixed, in its crystallographically determined coordinates. All fixed atoms are denoted
with an asterisk (*) in Fig. 1 (main manuscript). Geometry optimization was performed with
Gaussian09 ((Frisch et al., n.d.)) using the B3LYP hybrid functional formulation of Kohn-Sham
Density Functional Theory (KS-DFT) (Becke 1993; Lee, Yang, and Parr 1988; Vosko, Wilk, and
Nusair 1980; Stephens et al. 1994). A 6-31G basis set was used for all atoms except fluorine, which
was treated with a 6-31+G(d) basis set. A better basis set for fluorine was chosen so as to improve
the agreement of calculated '"F NMR chemical shifts with experiment. The structure was considered
optimized when the force on all nuclei fell below 1 pHartree/Bohr. The SCF was considered
converged when the density matrix residual was less than 107. To create a model for the mutant
complex, the BPGMwr:AlF,:G6P active site model was manually altered at residue 10 from an Asp
to an Asn. The resulting BPGMpon:AlF,:G6P active site model was then reoptimized as above.
Coordinates for the BPGMwr:AlFs:G6P and BPGMpon:AlFs:G6P active site models are available
on request (j.waltho@sheffield.ac.uk).
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15. NMR Chemical shift calculations

NMR shielding tensors for “F nuclei in both the PPGMwr:AlF,:G6P and BPGMpon:AlFs:G6P
active site models were computed from the coupled-perturbed Hartree-Fock equation and gauge-
invariant atomic orbitals (GIAO) derived from the DFT electron densities using standard algorithms
implemented in Gaussian09 (Frisch et al., n.d.). A 6-31+G(d) basis set was used for the fluorine
atoms. Calculated shielding tensors were plotted against experimental "°F chemical shift values to
determine calculated "°F chemical shift values. See Fig. 2 (main manuscript) for a comparison of

calculated and experimental °F chemical shifts.
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16. Obtaining the active site models for the WT:PO;:G6P and
D10N:PO;5:G6P complexes

To assess the geometrical effects of having a more polarized species than AlF, in our
BPGMuyr:AlF,:G6P and BPGMpion: AlF4:G6P active site models, AlF, was manually replaced with
POs in each model. Geometry optimization was performed with Gaussian09 ((Frisch et al., n.d.))
using the B3LYP hybrid functional formulation of Kohn-Sham Density Functional Theory (KS-
DFT) (Vosko, Wilk, and Nusair 1980; Becke 1993; Lee, Yang, and Parr 1988; Stephens et al. 1994).
In this case, all atoms were held fixed, except the newly introduced POs species, and the 1-OH
hydrogen atom. This allowed us to assess the effect of changing the polarization and geometry of
only the reacting species, given the exact same active site geometry. A 6-31G basis set was used for
all atoms except the POs; oxygen atoms, which were treated with a 6-31+G(d) basis set. The
structure was considered optimized when the force on all nuclei fell below 1 pHartree/Bohr. The

SCF was considered converged when the density matrix residual was less than 107

Fixed point Closest S? parameter WT $? DION $?
At CO of F7 NH of D8 0.83 0.83
At CA of 113 NH of 113 0.80 0.78
At COof D15 NH ofT16 0.80 0.75
At CAofE18 NHofE18 0.85 0.80
AtCOofY19 NH of H20 0.90 0.81
At CAof F21 NH of F21 0.84 0.81
At COof L44 NH of K45 0.81 0.80
At CA of R49 NH of R49 0.85 0.85
At COofL112 NHof Al113 0.84 0.81
At CA of K117 NH of K117 - 0.79
At COof S144 NH of K145 0.84 -
At CA of P146 NA - -
At COofL168 NH of E169 0.81 0.81
At CAof Q172 NH of Q172 0.84 0.82

Table S7. Points of truncation in the active site model compared to NMR derived backbone order

parameters. No residues showed significant mobility proximal to the points of truncation.
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17. Obtaining the transition state model for the WT:PO;:G6P

transition state complex

An active site model for the transition state (TS) of the phosphoryl transfer of the 1-phosphate
group was obtained from the PPGMwr:AlF,:G6P active site model, described above. AlFs was
manually replaced with PO5’, and the model further truncated. Specifically, we included B-glucose
1,6-biphosphate (BG16BP), and a catalytic Mg®" ion, along with 10 amino acid residues (8-10, 46-
47, 114-115, 145, 169-170) and 2 explicit water molecules (2210, 2211) (Fig S8). The resulting
active site QM cluster model contained 163 atoms. All fixed atoms are denoted with an asterisk (*)
in Fig. S8. The TS search was performed with Gaussian09 ((Frisch et al., n.d.)) using the B3LYP
hybrid functional formulation of Kohn-Sham Density Functional Theory (KS-DFT) (Vosko, Wilk,
and Nusair 1980; Stephens et al. 1994; Lee, Yang, and Parr 1988; Becke 1993). A cc-pVDZ basis
set was used for all atoms, excepting atoms for which more care was given due to reaction
importance. Specifically, oxygen atoms in formally negatively charged amino acid residues were
treated with aug-cc-pVDZ (169,170, non-transferring POs’), and those in residues directly
involved in bond-making/bond-breaking were treated with aug-cc-pVTZ (8,10, transferring PO3’,
O-Sugar). This procedure gave a converged TS model with a harmonic vibrational value of 158i
cm corresponding to motion along the reaction coordinate. However, in freezing certain Cartesian
coordinates (Fig. 3 in main manuscript), there were a small number of non-relevant imaginary
frequencies (671, 32i, 27i, 15i, 8i cm™). Coordinates for the TS active site model are available on
request (j.waltho@sheffield.ac.uk). Snapshots of the vibrational mode corresponding to motion
along the reaction coordinate were taken at regular O81p4-P-O;™ intervals (0.14 A), and the energy
evaluated at each point (Fig. 3 in main manuscript), using the same level of theory and basis set
for each atom as in the TS search. An animation of the reaction trajectory is provided as a GIF in

the supplementary content.
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624

625 Fig S8. The 163 atom active site model for the phosphoryl transfer reaction between BG16BP and
626 residue D8. Selected active site residues (and waters) are shown as sticks in standard CPK colours,
627 with carbons (grey), phosphorus (orange), oxygen (red), nitrogen (blue), and magnesium (light
628 green). The G6P ligand is shown with purple carbon atoms (for clarity). All fixed atoms are
629 denoted with an asterisk (*).

630
631 Residue WT DION
632 8 0.826+0.003 0.831+0.002
9 0.857+0.004 -
633
10 0.842+0.008 -
634 46 0.851+0.002 0.824+0.004
635 47 0.80120.001 0.811£0.002
636 114 0.817+0.001 0.806:0.002
115 - -
637 145 0.8390.003 -
638 169 0.8090.002 0.808+0.003
639 170 0.810+0.002 0.780+0.002
640

641 Table S8. TSA derived backbone order parameter (S?) values for the active site residues included in

642 the QM cluster model. While not perfect, the S? values determined in the BPGMyr:AlF,:G6P and



643 PBPGMwr:AlF4:G6P TSA complexes indicate that the active site is held relatively rigidly (on the ps-
644 ns timescale) when the protein adopts transition state architecture. This would suggest that minimal

645 error would be introduced by truncating and fixating the residues as shown in Fig. S8.
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18. QTAIM Charge Evaluation

Atomic charges were calculated using the Quantum Theory of Atoms in Molecules (QTAIM), with
the AIMALII software package (Keith 2017). Electronic charge density for each atomic basin was
determined using either the Proaim or Promega integration method implemented in the AIMAIl
package, while the integral of the Laplacian of each atomic basin was kept below 1x107* Hartrees.
The theory of Interacting Quantum Atoms (IQA) (Blanco, Martin Pendas, and Francisco 2005;
Francisco, Pendas, and Blanco 2006; Pendas, Francisco, and Blanco 2005, 2005), incorporated into
the AIMAII software package, partitions the energy of a molecule into intra- and interatomic
components, providing a rigorous path to quantification of both electrostatic and covalent
contributions to atomic interactions (see Equations S1-5). In the context of the present work,
atomic charges and interatomic electrostatic and covalent energies are calculated for selected atomic

pairs (Spreadsheet in Supporting Information, Fig. S9),

Equation S1 shows how the system’s energy is fully described by only intra-atomic (mono-) and

interatomic (pairwise) energy contributions,

n n_n-1
By =X Ely+ 2 XV [S1]
A

A B<A4

where 7 is the number of atoms of the total system. The self and inter-atomic components are
further decomposed as follows,

El, =V v eT! [S2]

self ne

where is the atomic kinetic energy, represents intra-atomic electron-nuclear interactions
T’ Vi

while represents intra-atomic electron-electron interactions.
V.'l.‘{

e

VAB :V/IB +V’g3 +VAB +I/g;13 [83]

inter nn [ en
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~accounts for nuclear-nuclear interactions, while ~ accounts for the interaction between the
V.'I.b' V.'I.b'

nn ne

nucleus of atom A4 and the electrons of atom B, and . accounts for interaction between the
Va

nucleus of atom B and the electrons of atom 4.  accounts for electron-electron interactions and
V.-I.b'

ee

can be written as the sum of Coulomb and exchange-correlation interactions.
I/e:B :VC/(‘ngmnh + VX?B [S4]

We have now separated out the exchange-correlation interaction from the four classical electrostatic

interactions (summarized as . ), giving,
A

el

Vat =V 4V (S)

inter

where . describes exchange-correlation energy, which can be seen as a measure of covalency
VA

xe

numerically dominated by the exchange part of "

It is this pairwise interaction term V2 that we calculate for selected atomic pairs.

When performing a full IQA energy decomposition on large QM model systems, the number of
atom-atom pairwise interactions computed scales as N*2 (N = no. of atoms). When considering
motion across a reaction coordinate, this number of interactions must then be multiplied by the
number of snapshots computed. All of these terms are summed, as outlined above, in each snapshot,
to produce the total energy profile of the reaction of interest. In our case, nine snapshots are
computed across the reaction coordinate, each with a system size of 163 atoms. Correcting for
double-counting, we arrive at a total of 163 intra-atomic, as well as pairwise electrostatic (Vcl) and
pairwise covalent (Vxc) inter-atomic terms, for each snapshot. These terms must be ranked to
elucidate the subset of terms that are the main contributors to the overall size and shape of the
energy profile. To do so, we have developed the in-house program ANANKE, that uses the Relative
Energy Gradient (REG) method described in previous publications (Alkorta, Thacker, and Popelier
2018; Thacker and Popelier 2017, 2018).
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19. Key electrostatic distances and interactions in the active site.
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Fig S9.

Distances (left), electrostatic interactions (middle) and angles (right) between selected atoms in the

061-Al-Fx | 1-OH-Al-Fx
F1 922 88.0

F2 87.8 85.3

F3 86.8 936

Fa 923 9.6

061-P-0Ox | 1-OH-P-0Ox

01 93.0 9.9
02 88.5 90.0
03 88.3 89.5
061-Al-Fx | 1-OH-Al-Fx

F1 87.9 89.8
F2 83.2 89.9
F3 83.7 98.9

F4 88.1 98.8
061-P-0x | 1-OH-P-0Ox

01 88.0 93.6
02 83.0 9.5
03 85.9 95.2

QM models of A) BPGMwr:AlF,:G6P complex, B) the BPGMwr:PO3:G6P complex, C)

BPGMpion: AlF4:G6P complex, and D) the BPGMuwr:PO;:G6P complex. A full table of interactions is

available as a spreadsheet in the Supporting Information.
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Abstract

Under biological conditions, phosphate mono- (R-P-O-R) and di-ester (R-O-P-O-
R) bonds have half-lives of millions of years, a stability which plays a crucial role in
maintaining cell viability. Phosphoryl transfer enzymes have evolved with some of the
largest rate accelerations known to biology, with typical catalytic rate enhancements
(Keat /knon) of 1021, B-phosphoglucomutase (BPGM) [EC 5.4.2.6] from Lactococcus
lactis is a well-characterized magnesium-dependent phosphoryl transfer enzyme of the
haloacid dehydrogenase superfamily. SPGM has two phosphate binding sites necessary
for its mutase activity, but is inhibited by the initial substrate of the reaction (3-glucose
1-phosphate (8G1P)) - the structural mechanism of which is currently unclear. Here
we show that removal of the guianidinium group of an arginine residue (R49) in the
non-catalytic (distal) phosphate binding site alleviates a SG1P-dependent lag-phase
prior to steady state catalysis. Additionally, this distal site shows redundancy in phos-
phate binding as proximal cationic groups are recruited to maintain charge balance
in R49K/A enzyme variants, and further indicates a mechanism for ligand associa-
tion/dissociation. In the catalytic site, metal fluoride transition state analogue (TSA)
complexes of R49K/A enzyme variants show minimal perturbation to the electronic
environment around the transferring phosphate mimic when the protein adopts a fully
closed TSA conformer. Furthermore, we structurally characterize SG1P bound to
BPGM in a closed, non-catalytically competent, manner which provides a structural
basis for the SG1P inhibition of the open-SPGM enzyme modeled previously. To-
gether, this study highlights the delicate antagonism present between substrate affinity

and inhibition in an archetypal phosphoryl transfer enzyme.

. Introduction

> Under biological conditions, phospho mono- (R-P-O-R) and di-ester (R-O-P-O-R) bonds
s have half-lives of millions of years.! This inherent stability is essential to ensure the high-

+ fidelity storage of genetic information within DNA. However, many core biological pro-
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cesses, including DNA processing, metabolic cycles and cell signaling, depend on the ef-
ficient transfer of phosphate groups between metabolites. Phosphoryl transfer enzymes have
evolved with some of the largest rate accelerations known to biology, with typical catalytic
rate enhancements (Keat/knon) of 10%1.173 Phosphoglucomutases catalyze phosphoryl group
transfer to/from sugar molecules and reversibly produce glucose 6-phosphate, an impor-
tant precursor for glycolysis and energy production in both prokaryotes and eukaryotes. (-
phosphoglucomutase (3PGM) [EC. 5.4.2.6] from Lactococcus lactis is a well-characterized * !
magnesium-dependent phosphoryl transfer enzyme, which catalyzes the reversible isomer-
ization of f-glucose 1-phosphate (SG1P) to glucose 6-phosphate (G6P) via a S-glucose 1,6-
bisphosphate (3G16BP) intermediate using a ping-pong bi-bi reaction mechanism® (Fig. 1).
As part of this mutase reaction, the enzyme adopts two different catalytically competent
states, the substrate-free state and the phospho-enzyme state (3PGMF, phosphorylated at
residue D8), which have different substrate specificities. The SPGMY state preferentially
binds SG1P and G6P substrates while the substrate-free enzyme is more specific for the
reaction intermediate SG16BP.!2

The active site of SPGM is located at the interface between the helical cap domain
(T16-V87) and the «/f core domain (M1-D15, S88-K216) and opening and closing of the
cap domain relative to the core domain occurs during the catalytic cycle.® The active site
contains a magnesium(II) ion binding site and two phosphate binding sites. One phosphate
binding site, termed the prozimal site, is adjacent to the Mg?" ion at the catalytic center
(Mgcas2t), while the other phosphate binding site, termed the distal site, is ca. 10 A removed
from the catalytic center. The distal phosphate binding site has a role in anchoring ligands
in the active site via interactions with several conserved residues (R49, S116, K117), together
forming a positive electrostatic region in the substrate-free enzyme. The interplay between
the two phosphate binding sites allows SPGM to bind substrates, intermediates and products
in two orientations to facilitate mutase activity - the ability to both transfer and remove a

phosphoryl group from a substrate using the same active site residues. !0
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The binding of phosphate to the active site of SPGM is mediated through recognition
by a substrate affinity domain.®'* An Arg residue (R49) makes an ionic bond with the
phosphate group of substrates in several ground state analogue (GSA) and transition state
analogue (TSA) complexes with (and without) metal fluoride phosphate mimics. > 151516 Arg
- phosphate interactions have been reported to provide substantial binding energies in the

17-19

range 11-13 kcal mol! in several enzymes, with some cases indicating an associated

conformational change necessary for catalysis.?0 23

Here we structurally characterize single mutations to R49 in the distal phosphate binding
site using metal fluoride-based transition state analogue complexes”1? and determine a ca.
4.1 kcal mol™! stabilization of the transition state analogue complex when the distal phos-
phate group is coordinated by Arg rather than Lys. Furthermore, these R49 enzyme vari-
ants alleviate the fG1P-dependent component of the kinetic lag-phase prior to steady state
catalysis in SPGM'2? which likely results from the reduced phosphate binding capacity in
the distal site. A mutation that weakens Mg.,>* binding in the prozimal site facilitated the
structural characterization of 3G1P bound to Mg?"-free enzyme in a closed but catalytically
non-competent complex. Taken together, these results present a structural mechanism for

the substrate inhibition displayed by SPGM, and highlight the delicate antagonism present

between substrate affinity and inhibition.

Results

Structure of substrate-free R49 variants

The distal phosphate group of substrate makes hydrogen bonds with the guanidinium group
of R49 the backbone NH of K117, and sidechain OH of S116 in the distal site. Since

arginine - phosphate interactions have been reported to provide substantial binding ener-

17-19

gies in the range 11-13 kcal/mol, with some cases indicating associated conformational

change,?? R49K and R49A variants of SPGM (BPGMgyox and SPGMpggoa respectively)
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were generated. Neither variant showed any deleterious effect to the expression or overall
fold of the recombinant proteins (compared to wild-type SPGM (SPGMwr)) when observed
using 2D NMR (Fig. S1). To investigate the active site of the substrate-free SPGMRgaox
and SPGMpggga conformers, substrate-free SFPGMRgyox and SPGMRgaga complexes were crys-
tallized and their structures were determined to 1.6 A and 2.0 A resolution respectively
(PDB: 6HDH, 6HDI respectively; Table 2; Fig. 7). Both structures closely overlaid with
previously deposited open-3PGMyr structures (Table 4, 5) with a Mg ion in the catalytic
center (Mgt 2) of the enzyme. Comparison of the distal phosphate binding site shows mini-
mal structural perturbation to residues surrounding the mutation, while a Poisson-Boltzman
energy surface indicates a reduced positive charge in the distal phosphate binding site of the
BPGMRgaga variant (Fig. 3). In the substrate-free SPGMpgok structure, the K sidechain
occupies a similar position to the R sidechain, with the amine nitrogen of K49 located 0.9 A
away from the Ne atom of R49 in the substrate-free SPGMyy structure. In the substrate-free
BPGMpggga structure, the removal of the R49 sidechain eliminates the possibility for a direct
interaction between phosphate and residue 49, and no definable water molecule position was
identifiable in the resulting void. Taken together, this suggests that binding of substrate to
BPGMpgygk should be impaired but less so than binding to SPGMpggga .-

Kinetics and binding of R49 variants

Previous kinetic characterization of the SPGMggox and SPGMpgyga variants indicated that
the mutations substantially disrupt enzyme activity compared to WT, lowering k.,; values by
300 and 200 fold and K, values by 40 and 3000 fold, respectively.* To corroborate this, the
standard glucose 6-phosphate dehydrogenase coupled assay was used to monitor conversion
of BG1P to G6P using acetylphosphate (AcP; 20 mM) as a priming agent.!! The data for
the BPGMgyox variant fitted to a Ky, of 600 4+ 100 uM (c¢f. 92 4+ 6 uM for SPGMwr!t) and
a kear of 2.1 £ 0.3 (¢f. 24.5 £ 0.7 s71 for SPGMwr!!). However, in the SPGMpyga variant

a linear substrate concentration dependence of the reaction velocity was observed over the
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standard!'? concentration range (Fig. 4). Together this indicates that it was not possible
to determine the K., or ke, value reliably for both SPGMgryok and SPGMgyga using this
method.

To better saturate the SPGMpaox and BPGMpaga variants with AG1P, 1D 3P NMR was
used to follow the interconversion of SG1P (10 mM) and G6P using the method described
previously. !t 20 mM AcP was used as a priming agent to initiate the reaction and steady
state kops values of 11.6 = 1 s7! and 5.6 + 0.5 s7! were determined for R49K and R49A
respectively (Fig. 4). This represented a 7 and 11-fold reduction in catalytic rate constant
compared to the BPGMyr value of 70 & 30 s™! reported previously using this method.!! Tt
was also noticeable that the lag-phase associated with SPGMwt was substantially perturbed
by the mutation (see below).

Standard methods to investigate SG1P binding to the substrate-free SPGM enzyme
are complicated owing to mutase and phosphatase activity of SPGM. Instead, the relative
affinities of G6P in the AlF,;:G6P TSA complexes were determined for both SPGMpggox
and SPGMpgyga. The equivalent affinity in SPGMwr is 9 & 1 uM.' The level of TSA
saturation (Fig. 6) was determined using 2D 'H'®N TROSY NMR of the R49A and R49K
variants (1 mM) complexed with 5 mM AlF,~ and 20 mM G6P (under these conditions, the
BPGMwr:AlF4:G6P complex is fully saturated). Both R49 variants demonstrated partial
TSA complex formation (characterized by the downfield shift of the K117 backbone amide
resulting from hydrogen bonding to the 6-phosphate of G6P), in slow exchange (<10 s™!)
with the holo-enzyme where AlF, is bound in the catalytic center. K4 values of ca. 11 mM
for R49K and 49 mM for R49A were determined using the holo-enzyme and TSA peaks in
the TROSY spectra for the side-chain indole amide resonance of W24. These K4 values are
some 3 orders of magnitude larger than for SPGMyyr, consistent with a substantial reduction

in binding affinity for phosphorylated ligand as a result of mutation of the R49 residue.
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Structure of R49K /A TSAs

To investigate any communication of reduced phosphate binding affinity across the ligand
from distal to proximal phosphate binding sites at the point of chemical transfer, metal flu-
orides were used to trap transition state analogue (TSA) complexes of the phosphoryl trans-
fer process involving G6P.7!9 The SPGMgpyox and SPGMpgyga variants were crystallized
in complex with AIFy  and G6P using standard crystallization conditions.? The resulting
BPGMpyga:AlF:G6P and SPGMpygk:AlF4:G6P structures were determined to 1.2 A resolu-
tion (PDB: 6HDJ, 6HDK respectively; Table 3). Each variant produced a closed complex
with a near identical protein conformation and mode of ligand binding to the equivalent
complex in the WT enzyme (PDB: 2WF6; Table 4, 5). Furthermore, the interactions in the
prozimal, site of the SPGMpgyox and SPGMpgyga variants were also equivalent to those in the
WT complex (Fig. 5).

Coordination of the phosphate group of G6P in the distal site was different in each
of the enzyme variants due to the R49 mutation. In the SPGMgyok:AlF4:G6P complex,
the 6-phosphate group of G6P occupies the same position in the distal site, with the K49
sidechain replacing R49 and making a monodentate hydrogen bonding interaction with
the 6-phosphate. There is a 0.1 A reduction in hydrogen bond length between the back-
bone amide of K117 and the phosphate oxygen, which is consistent with the downfield
shifted backbone amide peak relative to the SPGMwr:AlF:G6P complex (Fig. 6). In the
BPGMRgggn:AlF,:G6P complex, A49 does not have the the capacity to charge balance the
6-phosphate group of G6P in the distal site. Instead, the side chain amine of K117 from the
core domain on the opposite side of the active site is recruited from a solvent exposed position
on the enzyme surface to the distal phosphate binding site (Fig. 5). Thus, K117 makes two
interactions with the 6-phosphate group in the distal site, one through the backbone amide
(2.9 A) and the second through the side chain amine (2.8 A). When observed crystallograph-
ically, there is no lengthening of the hydrogen bond between the K117 backbone amide and

the phosphate oxygen of G6P despite the observed chemical shift change in the two TROSY
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spectra (from SPGMwr to SPGMRgyoa, Fig. 5). Consequently, the observed upfield shift of
the K117 backbone amide may be as a result of the strain induced by maintaining the charge
balance in the distal site. Together, these structures show that the R49 distal site mutations
can achieve the transition state architecture and indicate an impaired coordination of the
phosphate group of the substrate in the distal phosphate binding site. This sub-optimal
coordination of the distal phosphate is a likely cause of the reduced kgps values for the R49
variants (through reducing K,,), highlighting the importance of a bidentate interaction to a
phosphate group in the distal site.

In order to ensure that the formation of a TSA was not an artifact of using a non-
isosteric TSA in AlF, ", the SPGMRguok and SPGMpgyga variants were crystallized in complex
with MgF3~ and GGP to probe the transition state using both an isosteric and isoelectronic
TSA. The resulting SPGMRguok:MgF3:G6P and SPGMggga:MgF3:G6P structures were de-
termined to 1.2 A and 1.3 A resolution respectively (PDB: 6HDL, 6HDM respectively;
Table 3). These structures showed a high degree of similarity to both the AlF; TSA com-
plexes and to the equivalent SPGMwyr:AlF4:G6P structure (Fig. 5; Table 4, 5). Notably in
the SPGMgyga:MgF3:G6P complex the side chain amine of K117 is again recruited to the
distal site where it charge balances the phosphate group of G6P. Taken together, these TSA
complexes demonstrate that the enzyme variants are capable of stably forming transition
state protein architecture, with minimal perturbation from the TSA structures in the wild

type enzyme.

19F NMR of R49K /A TSAs

Given the perturbation of ligand binding in the SPGMgryox and SPGMgyga variants, it was
investigated whether the prozimal (catalytic) site was affected by mutations affecting the
distal site, namely, if the different chemical environment was relaid across the G6P substrate.
1D F NMR was used to characterize the chemical environments of the catalytic centers in

the AlF,:G6P TSA complexes for the SPGMRgaox and SPGMpggga variants under the same
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conditions used for the 'H»N-TROSY spectra (Fig. 6). The observed °F spectra mimicked
the saturation observed by 'H'>’N-TROSY NMR, corroborating the Ky values determined
previously. Despite deleterious mutation to the distal site, the 'F NMR peaks show minimal
chemical shift perturbation in either the R49A or R49K variant, demonstrating near-identical
chemical environments in the prozimal site surrounding the AlF,~ TSA (Fig. 6, Table 1).

To ensure that the minimal perturbation was not biased by strong Lewis basicity of
the central AI** atom of the AIF, moiety, 1D F spectra of the MgF;~ complex were
acquired for both variants (as the MgF3~ group is a looser, but more accurate analogue of
phosphoryl transfer?!). These F spectra again show minimal chemical shift perturbation
to F resonances (Fig. 6, Table 1). The only significant perturbation (> 1 ppm) is to the F2
resonance in the SPGMpggga:MgF3:G6P complex, where the F2 fluoride ion is coordinated by
the backbone NH of L9, D10, and the sidechain OH of S114. Given the upfield shift and the
relatively poor Ky for G6P binding to SPGMpggga, these data are consistent with a subtle
loosening of T'S coordination at the F2 position.

In order to correlate the structures observed by X-ray crystallography and the F NMR
peaks observed experimentally, both AlF, and MgF3; TSA complexes with R49A and R49K
enzyme variants were modeled by DFT as described previously.? The resulting Chemical
shifts agree with the assignment of experimental peaks and predict minimal perturbation of
chemical shift based upon the reference crystal structures (Table 1). Together these data
show that mutation of R49 and perturbation of the key bidentate interaction in the distal
site is not communicated to the chemical environment of proximal site when the protein
adopts the TSA conformation. Furthermore, the distortion of the K117 sidechain observed

in the TSA structures presents a model of the catalytic form of the enzyme at steady state.

SPGMpi7on binds SG1P in a closed Mg?t-free complex

In the R49K/A variants, it was observed that the lag-phase prior to steady state catalysis

was perturbed by the removal of the guanidinium group in the distal phosphate binding
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Table 1: F measurements for SPGM variant complexes either by direct observation or cal-
culated using DFT. 1°F resonances numbered in accordance with [UPAC recommendations2®

Complex F1 F2 F3 F4

Experimental 'F shifts

BPGMyyr:AlF,:G6P -144.0  -137.0  -130.6  -140.7
BPGMR4gi :AlF,:G6P -143.9  -137.3  -131.1  -140.8
BPGMRg4ga :AlF,:G6P -143.6  -137.9  -131.3  -140.7
BPCGMyyr:MgF3:G6P -159.0  -147.0  -151.9
BPCGMR4gx:MgF3:G6P  -159.2  -147.3  -152.1
BPGMR4ga:MgF3:G6P  -158.7  -148.3  -151.8

Calculated °F shifts

BPGMyy:AlF,:G6P -147.0  -142.4  -133.2  -140.6
BPGMR 4ok :AlF,:G6P -147.0  -142.4  -133.2  -140.7
BPGMRgaga:AlF4:G6P -147.1  -142.4  -133.2  -140.6
BPGMyy:MgF3:G6P -148.6  -142.8  -144.7
BPGMRaok:MgF3:G6P  -148.7  -142.7  -144.6
BPGMRaga:MgF3:G6P  -148.9  -142.6  -145.0

site (Fig. 4). Previous kinetic characterization of the SPGMyr-catalyzed conversion of
BG1P to G6P has identified a lag-phase prior to steady-state catalysis which results from
two components.'? The first component is a chemical equilibration, where it was modelled
that catalysis was retarded until sufficient SG16BP intermediate was generated to efficiently
prime the enzyme for catalysis (by phosphorylation of residue D8). This is termed here the
BG16BP-dependent component of the lag-phase. The second component was modeled as
BG1P binding to un-phosphorylated SPGM (with a K; of 122 + 8 uM'2?) and is termed here
the SG1P-dependent component. Currently, there is no structural evidence to explain the
substrate inhibition by SG1P or how the lag-phase can be alleviated.

When observed by NMR at an elevated SG1P concentration (compared to standard con-

ditions1?)

, a reduction in the SG1P-dependent component of the lag-phase was observed
for both SPGMpgyok and SPGMpgygs variants, while the SG16BP-dependent component per-
sisted (Fig. 4). These observations demonstrate a key involvement of the guanidinium group
of R49 in the SG1P-dependent component of the lag-phase. SPGMwr displays no observ-
able activity in the absence of Mg?*, %! and the reaction rate increases linearly up to at

least 2 mM MgCl,.!? Given this relatively low affinity for the essential cation, it was tested

whether the SG1P-dependent component of the lag-phase arises from SG1P binding to apo-

10
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BPGM enzyme (i.e. Mge,2t free enzyme) mediated by this arginine - phosphate interaction.
Crystallization of SPGMwr:8G1P complexes is complicated by the rapid re-equilibration of
FG1P with G6P. Hence, a D170N variant of SPGM (SPGMpi7on) was investigated since
it should be less active and the Mg?* binding affinity is expected to be weaker since the
Mgt 2 ion in the active site is coordinated by the side chain carboxylate of D170, as well as
the side chain carboxylate of D8, the backbone carbonyl of D10 and two to three structural
waters (depending on crystal structure used: PDB: 1ZOL,> 2WHE?®). When observed by
2D 'H'">N-TROSY NMR the substrate-free BPGMp;7on variant showed no deleterious effect
to the overall fold compared to substrate-free SPGMwr (Fig. SS1). However, due to the
intermediate exchange present in the active site of the SPGMyr enzyme,® some active site
residues cannot be compared between these two proteins.

To investigate the active site of substrate-free SPGMpi7on, the protein was crystallized
and the structure determined to 1.4 A resolution (PDB: 6HDF; Table 2; Fig. 7). The
substrate-free SPGMp17on structure closely resembles other open-SPGM conformers (Table
5, 4). It has a poorly coordinated Na™ ion in the Mg.,:2t site of both monomers in the
asymmetric unit and the sidechain carbonyl group of N170 coordinates the Na® ion, in
place of the carboxylate group of D170 in the SPGMyr structure (Fig. 7). Together this
indicates that the SPGMpi7on variant serves as a good model of an open-GPGM enzyme
with a reduced affinity for Mg..+>* that would permit further investigation of 3G1P binding.

The binding of substrate to the SPGMp7on variant was initially investigated by prepar-
ing the SPGMpi7on:MgF3:G6P complex in solution and crystallizing using standard con-
ditions.®?" The structure was determined to 1.2 A resolution and was found to be the
BPGMpi7on:8G1P complex (PDB: 6HDG; Table 2; Fig. 7). The observation of a dif-
ferent substrates in SPGM crystals compared to the initial substrate composition has been
reported in both transition state analogue (TSA),?® and ground state analogue (GSA)!16
complexes, and is a result of the mutase activity of SPGM equilibrating SG1P and G6P in

the crystallization drop. The SPGMpi7on:8G1P complex adopts the closed protein confor-

11
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mation associated with the metal fluoride TSA complexes (Table 4, 5). The electron density
map shows that there is no Mgg.:?* or Na* ion bound in the active site of the enzyme. This
is associated with a ca. 180° rotation of the y; angle of N170, which moves the carboxamide
group out of the metal binding site to form a hydrogen bond with the backbone carbonyl
of V188. In the active site, SG1P is bound with the 6-OH towards the prozimal site (Fig.
7). The 6-OH occupies two positions separated by a ca. 120° rotation of the C5-C6 bond.
This multiple occupancy facilitates hydrogen bonding with two of the three water molecules
that are bound in the prozimal site, each of which occupies near identical positions to the

7910 and in the

transferring phosphate oxygen atoms as mimicked in MgF3;~ TSA complexes,
BPGM:a-galactose 1-phosphate complex.'® There is further similarity with the TSA struc-
tures in that the C6-O6 bond is aligned with the Od1 atom of D8 and there is the engagement
of key catalytic residues D10 and T16 associated with full domain closure. !

The 1-phosphate of SG1P in this structure is bound in the distal phosphate binding site
and, as in the TSA' and GSA 16 complexes, makes hydrogen bonds with the mainchain
NH of K117, and the side chain OH of S116, as well as a bidentate interaction with the
sidechain guanidinium group of R49. In order to dissect the contributions of the phosphate
group and the sugar ring to induce full closure of the enzyme, crystals of SPGMwt were
grown in standard crystallization conditions®?” supplemented with 50 mM phosphate and
50 mM glucose. Crystals were briefly cryoprotected (ca. 30s) prior to flash freezing in their
original mother liquor (with the addition of 25% ethylene glycol) either with or without
the supplemented phosphate and glucose. Crystals where phosphate and glucose were not
included in the cryoprotectant resulted in open SPGMyy structures with no ligands bound.
Crystals where phosphate and glucose were included in the cryoprotectant were comparably
open structures, but resulted in the presence of a phosphate ion in the distal phosphate
binding site (PDB: 6H93; Table 2). The phosphate ion makes a bidentate hydrogen bonding

interaction with the sidechain guanidinium group of R49, and in one monomer, also interacts

with the side chain amine groups of K117 and K76 (Fig 8). However, there is no evidence
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to suggest that the binding of phosphate (and glucose) in isolation causes domain closure to
the extent observed in the SPGMpi7on:SG1P complex (Table 4, 5), nor cause spontaneous
phosphorylation of the open enzyme. %272 Together, this demonstrates the key role of a
covalent bond between phosphate and glucose, particularly when the reported K; is so poor

(K; = 122 + 8 uM12).

Discussion

Here we have structurally characterized SG1P bound to SPGM in a non-catalytically com-
petent, closed complex, which provides a structural basis for the SG1P inhibition of the
substrate-free enzyme postulated previously in kinetic models.'? Furthermore, it is demon-
strated that single mutations in the distal phosphate site can alleviate the SG1P-dependent
component of the lag-phase prior to steady state catalysis, implicating a role for the spe-
cific bidentate hydrogen bonding interaction between phosphate in the distal site and the
terminal guanidinium group of residue R49 in the cap domain. MgF;  and AlF, transi-
tion state analogue complexes with G6P demonstrate minimal perturbation to the prozimal
phosphate binding site (at the point of phosphoryl transfer) in response to removal of the
R49 guanidinium group in the distal phosphate binding site. This minimal communication
between the two sites indicates that the role of the distal site is primarily to recruit ligand
into the active site and contribute to domain closure prior to the chemical step, while playing
a minimal role in the chemical step itself.

Both MgF3™ and AIF,~ TSA crystal structures of the SPGMgyox and SPGMpgyga variants
complexed with G6P demonstrated a redundancy in the phosphate coordination in the distal
phosphate binding site. In the SPGMpggok variant, the positive charge was maintained
in the distal site, but with a reduced hydrogen bonding capacity. This manifests as a
reduced stability for substrate bound complexes, but given that the charge is maintained

in this conservative mutation, the small reduction in ks is readily rationalizable. In the
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BPGMpggga variant, though charge balance was nominally removed from the distal site on
the cap-domain side, there was still a substantial level of activity. In both of the TSA
structures with G6P, K117 from the core-domain (which is solvent exposed in SPGMy and
BPGMRgyox complexes), is repositioned in order to coordinate the distal phosphate group
of G6P via its sidechain amine group. If this occurs in solution, which is consistent with
the chemical shift changes in the 'HN-TROSY spectra, then this presents a redundancy in
phosphate binding capability in the distal phosphate binding site of SPGM. This conformer
also indicates that a competitive binding interaction between K117 and R49 may exist in
BPGMwr. This alternative binding partner for phosphate groups in the distal site could
present a pathway to ligand dissociation from the active site, prior to either reorientation of
BG16BP or product release of G6P or SG1P.

Guanidinium - phosphate interactions have been reported to provide substantial binding

energies in the range 11-13 keal/mol for glycerol 3-phosphate dehydrogenase (GPDH),!" for

18 9

triose phosphate isomerase (TIM),*® and for orotidine 5-monophosphate decarboxylase.!

This phosphodianion binding has been associated with a protein conformational change and
active site assembly in other systems such as orotidine 5-monophosphate decarboxylase?2*-2!
and for GPDH.?? Furthermore, it has been demonstrated that the energetic cost of dis-
connecting groups of either substrate or enzyme GPDH!"2130 and TIM®*3! was directly
reflected in the reduction in observed reaction rate. This suggests that the transition state
of the reaction in the re-assembled complex closely reflected transition states of the native
reaction (reviewed??). In BPGM, binding of the phosphodianion to the distal site is insuf-
ficient to close the enzyme. Furthermore, the inclusion of both phosphate and glucose is
insufficient to re-assemble the inhibited SG1P-bound complex. This is relatively unsurpris-
ing as the K; for the S§G1P-dependent contribution to the lag-phase is reportedly 122 + 8
uM1'2 and disconnection of substrate components would likely incur an energetic penalty,
further destabilizing binding.

The bidentate interaction between the sugar-associated phosphate group and the guani-
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dinium group of R49 is well conserved across most substrate bound complexes in SPGM. The
ca. 1000 fold reduction in K4 for AIF4:G6P TSA complex (ca. 4.1 keal mol™) in the R49K/A
variants approximates to the energy associated with the loss of a single hydrogen bond (ca.
1.5 — 4 kecal mol!).33 If TSA stabilization is equated to transition state (TS) stabilization,
then these observations correlate well with the significant contribution of an Arg group bind-
ing to phosphate in GPDH. In that case, mutation to alanine (without the compensation
seen in BPGM) resulted in a 9.1 kcal mol! destabilization of the TS for enzyme catalyzed
reduction of DHAP.?! The "YF NMR of the TSA complexes in SPGM indicate that the

t2%34 surrounding the TSA in the prozimal site is not perturbed by

electrostatic environmen
mutation of R49 in the distal site. When this is taken with ca. 4.1 kecal mol™ destabilization
of the AIF,:G6P TSA on the R49K/A variants, it suggests that the reduction in keps at
10 mM BGIP is a result of an increase in K, value, rather than a decrease in k.. This
increase in K, apparently also translates to an increase in K; value for fSG1P inhibition as
no SG1P-dependent lag-phase was observed in either of the R49K/A variants.

Structural evidence to support the inhibition of SPGM by SG1P is presented, where the
closed SPGMp17on:8G1P complex closely resembles fully closed TSA structures of phospho-
ryl transfer, with key residues in the active site adopting catalytic orientations, but without
a phosphoryl group to transfer and without a metal ion in the active site. The sidechain of
residue N170 is rotated away from the proximal phosphate site, which potentially implicates
D170 dissociation from the active site as a mechanism to release the Mg.,>* ion in the WT
enzyme. This may be important in the dissociation of the reaction intermediate SG16BP,
since it has a high affinity to holo-BPGM (Mg.a2* bound; K, = 0.8 & 0.2 uM'2?). When
a protonated general acid base variant (SPGMpion) was used to trap the SG16BP inter-
mediate in the active site of SPGM , the resulting SPGMpion:SG16BP complex displayed
a relatively weak (7.1 & 0.6 mM) Mg.;>" binding affinity.!* Given that the 3G16BP lig-
and has a higher binding affinity than SG1P or G6P ligands for substrate-free SPGM, it is

important that this state does not become a kinetic trap. It is tempting to speculate that
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BPGM uses one (or both) of the above ligand dissociation pathways - poor Mge.,** binding
affinity, and competitive phosphate binding in the distal site - to avoid such a kinetic trap.

Taken together, these observations illustrate some of the elegant mechanisms that en-
zymes employ in order to achieve the significant rate enhancements necessary for life. Here
we see a ca. 10 fold rate enhancement through the use of a guanidinium group (WT) over
an amine group (R49 variants) to coordinate the phosphate in the distal site. This rate
enhancement, however, is at the expense of introducing a source of inhibition to catalysis —

inhibition of the substrate-free enzyme by its initial substrate SG1P.

Methods

BPGM

The pgmB gene from Lactococcus lactis, together with the pgmB gene containing the D170N,
R49A and R49K mutations were expressed using pET22b+ vectors in E. coli strain BL21(DE3)
using protocols outlined previously.!* All NMR experiments were recorded in standard NMR
buffer; 50 mM K* HEPES buffer (pH 7.2) containing 5 mM MgCly, 2 mM NaNj, 1 mM
TSP, and 10% (vol/vol) DyO at 298K, unless otherwise stated. Site directed mutagenesis
and DNA sequencing was performed by GenScript (HK) to generate the R49K, R49A, and

D170N mutants.

Reagents

Reagents and buffers including glucose-6-phosphate and lithium potassium acetylphosphate
were purchased from Sigma or Melford labs. S-glucose-1-phosphate (8G1P) was prepared in
house from Maltose (Sigma) using Maltose phosphorylase (Sigma) as follows: 1M maltose
in 0.5M phosphate buffer pH 7 was reacted with 1.5units/ml of Maltose Phosphorylase at
30°C overnight. SG1P production was confirmed by *'P NMR. Maltose phosphorylase (90

kDa) was then removed by passing the solution through a 5 kDa MWCO vivapsin, and the
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reaction mixture was used without further purification. The resulting concentrations were

ca. 150 mM SG1P, 150 mM glucose, 350 mM maltose and 350 mM phosphate.

Reaction kinetics by glucose 6-phosphate dehydrogenase coupled

assay

Steady-state kinetic assays for substrate-free SPGMggox and SPGMpggga were conducted at
294 K using a FLUOstar OMEGA microplate reader (BMG Labtech) in standard kinetic
buffer (200 mM K+ HEPES buffer (pH 7.2) containing 5 mM MgCly and 1 mM NaN3j) in
a 200 pl reaction volume. The rate of G6P production was measured indirectly using a
glucose 6-phosphate dehydrogenase (G6PDH) coupled assay, in which G6P is oxidized and
concomitant NAD™ reduction is monitored by the increase in absorbance at 340 nm (NADH
extinction coefficient = 6220 M em™). Enzyme stock concentrations were determined using
a NanoDrop One C spectrophotometer (Thermo Scientific) and diluted accordingly (5PGM

extinction coefficient = 19940 M~! em™! ).

Reaction kinetics by 3P NMR

3P NMR spectroscopy observed reaction kinetics for BZPGM-catalyzed reactions were fol-
lowed at 298K on a Bruker 500 MHz Avance III HD spectrometer (operating at 202.48 MHz
for 31P) equipped with a 5-mm Prodigy BBO cryoprobe (School of Chemistry, University of
Manchester). One-dimensional 3'P spectra without proton decoupling were recorded within
1 minute with 16 transients and a 2s recycle delay to give signal-to-noise ratios for 10 mM
BGI1P of greater than 100:1. The turnover of 10 mM SG1P to G6P by SPGMwr (0.1 - 1
uM), BPGMggga SPGMpaox (10 - 50 uM) were measured in standard kinetic buffer (200
mM K* HEPES buffer (pH 7.2), 5 mM MgCly, 2 mM NaN3) with the addition of 10% D20
and 2 mM TSP. The reaction was initiated by and timed from the addition of 20 mM AcP

and monitored by the acquisition of consecutive >'P spectra. Integral values of the G6P peak
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following baseline correction and 2 Hz Lorentzian apodization were plotted against time to
give kinetic profiles. The linear portion of the data was fitted using a linear least-squares

fitting algorithm to derive the observed catalytic rate constant.

NMR characterization of R49 variants complexed with AlF,; and
G6P

AlF4:G6P TSA complexes with SPGMpgyga or SPGMpgyk were made by addition of 5mM
AlF; and 20mM GG6P to 1mM enzyme in standard NMR buffer (50 mM K* HEPES pH
7.2, 5 mM MgCly, 2 mM NaNj, and 1 mM TSP). F and 'H'>N-TROSY experiments were
recorded with a Bruker Avance III 500 MHz spectrometer using a 5-mm QCI-F cryo-probe
equipped with z-axis gradients (Manchester Insitiute of Biotechnology). !°F 1D spectra
were acquired without proton decoupling and were processed using an EM window function
with 10 Hz linebroadening. 'H'N-TROSY spectra were acquired using a pulse sequence
with echo/anti-echo gradient selection and were processed without linear prediction in either
dimension. Data were processed using Topspin and direct referencing to TSP at 0.0 ppm
was applied for TROSY spectra, while indirect referencing (Bruker standard referencing)

was used for F spectra.

X-ray crystallography

BPGM was prepared at a concentration of 15 mg mL™ in 50 mM K+ HEPES (pH 7.2), 5
mM MgCly, 1 mM NaNj. For crystallization, the enzyme solution was mixed 1:1 with the
precipitant (26-30% (wt/vol) PEG 4000, 200 mM Na acetate, and 100 mM Tris (pH 7.5))
and placed in sitting-drop crystallization plates with 700 pl reservoir volume.

For the R49K and R49A crystal structures, 0.6 mM enzyme was mixed with 20 mM
NaF, 5 mM AICl;, and 10 mM GO6P (in that order) and incubated for >10 min prior to

the crystallization trial. The initial crystallization conditions for the SPGMpi7on:8G1P

18



409

410

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

structure were 0.6 mM enzyme mixed with 20 mM NaF, 5mM MgCl,, and 10 mM G6P.
Notably D170N did not form the intended MgF5:G6P TSA, instead, the partly inhibited
enzyme inter-converted G6P to SG1P, with only SG1P observed in the active site of the
closed enzyme. Crystallization trials yielded thin plate-like crystals after several days.
Diffraction data were collected at 100 K on the MX beamlines at the Diamond Light
Source (DLS), Oxfordshire, United Kingdom. Data were processed using the xia2 pipeline %6
with resolution cut-offs applied using CC-half values and the structures were determined by
molecular replacement with MolRep®” using previously modelled APGM PDB structures
as a search models. Model building was carried out in COOT?® and either a restrained
refinement with isotropic temperature factors (resolution worse than 1.5A) or anisotropic
temperature factors (resolutions better than 1.5A) was performed using REFMAC5% in
the CCP4i suite?®. Ligands were not included until the final stages of refinement to avoid
biasing Fourier maps. Structure validation was carried out in COOT and MolProbity 4!,
superpositions were generated using PyMOL (The PyMOL Molecular Graphics System, ver-
sion 1.8/2.2 Schrodinger, LLC), maps were generated using FFT*? and domain movements

were calculated using DynDom 3.

KS-DFT F chemical shift calculations

Our model for the transition state analogue (TSA) of the SG16BP hydrolysis reaction carried
out by SPGM was obtained using Kohn-Sham Density Functional Theory (KS-DFT). We
used the B3LYP functional formulation of KS-DFT.44" A 6-31G Pople basis set was used
to represent single-particle wavefunctions for all atoms excepting fluorine atoms for which
more care was given due to NMR calculation sensitivity to basis set. For these 4 atoms, 6-
314+G(d) was used, as diffuse and polarization functions are required to adequately describe
the electron distribution around each atom.*®

The active site (cluster) model, initially obtained from a high-resolution X-ray structure

(PDB: 2WF57), was constructed so as to maintain all key hydrogen bonding capable of
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stabilizing the transition state. More specifically, we included residues F7, D8, L9, D10,
G11, V12, 113, T16, A17, H20, W24, K45, L44, G46, V47, S48, R49, E50, D51, S52, Y80,
A113, S114, A115, S116, K117, K145, F151, L168, E169, D170, S171. 19 explicit water
molecules as well as a catalytic magnesium ion were also retained. Where opportune, we
truncated amino acid residues with a methyl group. Geometry optimization of the entire
(602 atoms) model was considered unfeasible with current computational resources, and so
we chose to optimize those residues most proximal to the fluorine atoms of the AlF,~ group,
for which we were interested in calculating shielding tensors. To this extent, the following
groups were optimized; substrate, AlFy", catalytic Mg?" ion, 3 explicit water molecules,
selected residues (D8, D10, S114, A115, S116, K145), with the remaining groups fixed at their
crystallographic coordinates in the X-ray crystal structure. We optimized the geometry of the

9

resulting active site model using standard algorithms,*® as implemented in the Gaussian09

software package.®®
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Figure 1: Overview of SPGM structure (A), and the reaction scheme catalyzed by SPGM
(B). A) The Rossman fold of SPGM is illustrated with a HADSF four-helix-bundle cap
domain (type C1'3). a-helices are colored in purple, S-sheets in yellow, and loops are illus-
trated in blue. The Mg.,;2* ion is depicted as a green sphere, while the prozimal (catalytic)
and distal phosphate binding sites are illustrated as orange circles. B) The SPGM reaction
scheme for the enzymatic conversion of SG1P to G6P via a SG16BP reaction intermediate.
The phosphoryl transfer reaction between the phospho-enzyme (3PGMF, phosphorylated at
residue D8) and SG1P is termed Step 1. Here the transferring phosphate (blue) occupies the
prozimal site and the 1-phosphate (red) of SG1P occupies the distal site. Following forma-
tion of SG16BP, the SG16BP intermediate dissociates from the enzyme and re-binds in an
orientation such that the 1-phosphate (red) occupies the proximal site, and the 6-phosphate
(blue) occupies the distal site. The phosphoryl transfer reaction between SG16BP and D8
is termed Step 2 and generates SPGMP and G6P.
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[G6P] (uM)

Figure 2: Kinetic profile image adapted from!? illustrating the effect of increasing SG1P
concentration on a pre-steady state kinetic lag-phase observed using a glucose 6-phosphate
dehydrogenase coupled assay. 4 nM SPGM enzyme was used for concentrations of SG1P
(a) 7.5, (b) 15, (c) 35, (d) 50, (e) 70, (f) 100, (g) 160, (h) 230, and (i) 330 uM with 50 M
aG16BP used as a priming agent. 5 U/mL G6PDH was used to convert 0.5 mM NAD™ in
50 mM K+ HEPES buffer pH 7.2, with 2mM MgCl, at 25 °C.

Figure 3: Electrostatic surface shown for open- SPGMwr (A), SPGMgyk (B), and
BPGMRgaga (C) variants. Surface prepared using pdb2pqr and APBS in pymol 2.2
(Schrodinger). The open R49-variant structures overlay closely with the SPGMy structure
with non-H atom RMSDs of 0.169 and 0.196 for SPGMpggok and SPGMgagga respectively. A
reduced positive charge is observed in the distal phosphate binding site of the R49A variant
which is expected given the loss of a positively charged guanidinium group.
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Figure 4: Kinetic profiling of SPGM WT, R49K and R49A variants. (A-C) The SPGM
catalyzed enzymatic conversion of 330 uM BGI1P to G6P followed by spectrophotometric
coupled assay for (A) SPGMwr [5nM], (B) SPGMpgox [60nM] , (C) SPGMpggga [60nM].
(D-E) Reaction velocity as a function of SG1P concentration for (D) SPGMwr (data
presented in'!) | (E) SPGMgyox, (F) BPGMpaga, with line of best fit drawn in yellow.
Both R49K and R49A variants of SPGM displayed a linear concentration dependence with
R=0.98. (G) G6P integral against time for each of the three variants when the reaction is
followed by 3'P 1D NMR. In this case the 3G1P concentration was 10 mM and the enzyme
concentrations used were 0.1 M (SPGMwr), 0.5uM (PGMRgyok ), and 1.0 uM (BPGMpgaga ).
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Figure 5: Crystal structures of TSA complexes for R49K and R49A variants. (A)
BPGMywr:AlF,:G6P complex (PDB: 2WF6;°), (B) SPGMwr:MgF3:G6P complex (PDB:
2WF5,9), (C) ﬂPGMR49KA1F4G6P complex (PDB GHDJ), (D) ﬂPGMR49AA1F4G6P
complex (PDB: 6HDK), (E) BPGMpaok:MgF3:G6P complex (PDB: 6HDL), (F)
BPGMpgaga:MgF3:G6P complex (PDB: 6HDM). Selected active site residues are illustrated
alongside water molecules (small red spheres). Atoms are drawn using the coloring; gray=C,
blue=N, red=0, green=Mg, orange=P. Hydrogen bonds are drawn as yellow dashed lines,
metal ion coordination as black dashed lines, and the G6P ligand illustrated with purple
carbon atoms for clarity.
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Figure 6: NMR spectra of WT, R49K, and R49A enzyme variants in TSA complexes
with G6P. (A) The 2D 'H®N-TROSY NMR spectra of all three variants overlaid, with
an inlay illustrating the sidechain indole amides of W24 and W216. There is a hydrogen
bond between the 6-phosphate oxygen of G6P and the backbone amide of K117, which
causes such a marked downfield shift of the backbone amide resonance. The chemical
shift of K117 backbone amide in each of the complexes demonstrates a tighter hydrogen
bond between phosphate-oxygen and amide in the SPGMpggok:AlF4:G6P complex (red ar-
row), but a weaker hydrogen bond in the SPGMpgyga:AlF4:G6P complex (black arrow).
(B-G) YF 1D NMR spectra of each of the variants complexed with metal fluorides and
G6P. (B) SPGMwr:AlF4:G6P, (C) SPGMpyok:AlF4:G6P, (D) SPGMRgyoa:AlF4:G6P, (E)
BPGMwr:MgF5:G6P, (F) SPGMpyok:MgF5:G6P, (G) SPGMpaoa:MgF3:G6P. In all cases,
BPGM concentration was 1 mM , with the addition of 5 mM MgCl,, 15 mM NaF, 20 mM
G6P, and 3 mM AICl; (where applicable).
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B @( K145 At K117,
N
116

Figure 7: Crystal structures of SPGMpi7on in both open (A and B), and SG1P-complexed
(C and D), states. In A) and C), the open-8PGMpi7on and SPGMpi7on:SG1P complexes
are overlaid (aligned on core domain, non-H atom RMSD=0.423) with the core domain (left)
shaded in red, and the cap domain (right) shaded in green for either the open-SPGMp;7ox
complex (A) or the SPGMpi7on:SG1P complex (C). In B) and D) selected active site
residues are illustrated alongside water molecules (small red spheres). Atoms are drawn
using the coloring; gray=C, blue=N, red=0, purple=Na, orange=P. Hydrogen bonds are
drawn as yellow dashed lines, metal ion coordination as black dashed lines, and the SG1P
ligand illustrated with yellow carbon atoms for clarity.
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Figure 8: Binding of un-phosphorylated glucose to open-SPGM. The structure of the
BPGMwr:Pi complex is presented in A) with selected hydrogen bonds to the phosphate
group and active site residues indicated by dashed yellow lines. In both A and B atoms
are drawn using the coloring; gray=C, blue=N, red=0, purple=Na, orange=P. B) The
phosphate coordinated in the distal site with omit map density (green) contoured at 3 o,
hydrogen bonds are indicated by dashed yellow lines.
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Table 4: A structural comparison of all complexes discussed in the text using and DynDom **
to generate angles (°) of rotation to map cap domains between different complexes and
variants of SPGM. Comparisons where no dynamic domains were found are denoted with
an angle of 0.0.

o, :‘V’Ys :‘/0,, 45”0/ :"93 :"Dk :/“’Oﬁ 46"93 ;~°~ %1y : %, :04’0 :”’*“e :’Y% : /”Dk:p”"s j s :"D/ :’Y"o :A’Dz p

1ZOLA- 0.0 00 81 9.0 97 126 149 17.0 17.1

100 144 16.6 !!W

6HDH_A- 81 93 00 00 00 64 85 11.7 11.0 125

2WHE_A- 0.0 0.0 9.3 10.

W

6HDIA- 9.0 103 00 00 00 0.0 7.6 11.0 102 11.7
6H93_ A- 9.7 10.0 00 00 00 62 82 11.7 107 124
6HDF B-12.6 144 64 00 62 00 22 63 53 60

6HDF_A-149 16.6 85 7.6 82 22 00 49 49

11.7 11.0 11.7 63 49 00 24

10.7 53

17.2 16.1 E! 176 7.1

3.7 131 133 129 132 134 130 128 132

[s93.163p] 216Uy

0.0 13.6 141 13.7 14.0 142 13.7 134 139
131 136 00 00 00 0.0 00 00 00 05 15
6HDM_A 133 141 00 00 00 00 00 00 00 11

129 137 00 00 00 02 00 00 00 00
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Table 5: A structural comparison of all complexes discussed in the text using and DynDom**
to generate non-H atom RMSD values for aligned cap and core domain between different
complexes in SPGM. The top right side of the matrix indicates the RMSD value for the
core domain (A), while the bottom left side of the matrix indicates the RMSD for the cap
domain (A). The diagonal is necessarily indicates no difference. Comparisons where no
dynamic domains were found are denoted with an RMSD of 0.0.

oy O 6. G 0 Sor. Sor. e S O e e G Gy 6
Qo‘ %‘ ,YO" RS %’ %* Hg‘ie "4 0 %y %0, s, "%\4 ok %{4 %‘24 K2 K 24

6HDH_A

6HDI_A

6HO3_A 0.000 0.000 0.000 0.262 0.249

0.000 0294 0.000 0.183 0.237

6HDF_B .

6HDF_A .E. 0.299 ﬂ 0.198 0.000 0.261
6H93 B .H.. 0.207 0.215 0.240 0.000 0.169

0.261

0.256

6HDH_B 0.252 0.258 0.244 0112 0.000

oHoLs .. 0219 .o.zsa .H 0000 0212

sutewop y10q ASWY

2WF8_A .000 0.000 0.000 0.000 0.000 0.000 0.000 0.081
6HDM_A . 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.107
6HDK_A 5 .000 0,000 0.000 0.108 0.000 0.000 0.000 0.000
2wrs_A -0 .000 0.000 0118 0.000 0.000 0.000 0.000 0.000
2WF6_A .... . 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.2
6HDJ_A . “1:P] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

6HDG_A .. . 0,000 0.000 0.000 0.000 0.000 0.000 0.000

6HDL_A 0.063 0.093 0.000 0.000 0.000 0.000 0.000 0.000
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