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Abstract

SYNTHESIS OF UNNATURAL AMINO ACIDS FOR THE GENETIC ENCODING BY
THE PYRROLYSYL-TRNA/RNA SYNTHETASE SYSTEM

William Arthur Knight, M.S.

A thesis submitted in partial fulfilment of the requirement for the degree of Master of
Science at Virginia Commonwealth University

Virginia Commonwealth University, 2015

Major Director: Dr. Thomas Ashton Cropp, Associate Professor, Department of
Chemistry

The complexity of all biomolecules in existence today can be attributed to the variation
of the amino acid repertoire. In nature, 20 canonical amino acids are translated to form
these biomolecules, however, many of these amino acids have revealed post-
translational modifications (i.e. acetylation, methylation) after incorporation. Amino
acids that exhibit PTM are known for their involvement in cellular processes such as
DNA repair and DNA replication; these PTMs are commonly found on histones within
the chromatin complex. Utilization of in vivo site-specific incorporation has recently

reported functionality of post-translationally modified amino acids.”

xi



Here we report the synthesis and in vivo site-specific incorporation of the histone PTM,
2-hydroxyisobutyrl lysine (Knip), with the pyrrolysyl tRNA/ RNA synthetase system. This
translational machine can better serve to probe K, for functional benefits. Additionally,
this thesis focuses much of its attention on the development of unnatural amino acids
(UAA) with optogenetic characteristics. These UAAs, if site-specifically incorporated,
can be used to control enzymes and proteins through rapid light perturbation (365nm
UV light). Furthermore, discussed is the synthesis of photo-caged threonine and

photo-caged serine as potential substrates for the pyrrolysyl translational machinery.
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Chapter 1 — Introduction

1.1-Evolution and importance of unnatural amino acids

Complexity of all living organisms can be attributed to the variation of the amino acid
repertoire. Each of the 20 canonical amino acids is added sequentially to a growing
peptide chain when in response to a unique set of 3 mMRNA nucleotides known as a
codon. These peptides of amino acids are discovered in all biomolecules in existence
today, providing each with functional diversity in nature. Research has identified that
some of these amino acids, such as lysine, exhibit post-translational modification
(PTM), thereby assisting in the orchestration of cellular processes such as DNA
replication, transcription, and DNA repair.z‘6 The proteomic diversity that these PTM
amino acids provide, has encouraged researchers to question how site-specific
incorporation of post-translationally modified amino acids or new unnatural amino acids

(UAA) could benefit in better understanding the functional complexity of biomolecules.



Common UAA groups that have been studied for protein functionality include those that

are analogs (2-4) of the known PTM UAA, pyrrolysine (1), crosslinker PTMs (i.e. O-

linked B—N—acetylglucosamine),8 or protecting groups removed by light, known as

photo-caged (5).%'° These UAAs provide information into dynamic processes in cells

and organisms. For example, photo-caged groups are useful in their ability to control

protein activation through rapid light perturbation, while PTM-mimicking UAAs can be

used to study the role that natural PTMs play in protein function.”®"? The use of site-

specific technology has made studying of these and many newly recognized PTMs

possible.
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Figure 1 - Represents common UAAs studied for protein functionality



1.2-Site-specific incorporation of unnatural amino acids

Techniques that site-specifically incorporate unnatural amino acids were developed as a
tool for analyzing protein function in both in vitro and in vivo.2 In vitro methods used cell-
free expression systems that consist of extracts from rabbit reticulocytes or Escherichia
coli. These systems site-specifically incorporate into proteins by the addition of
chemically aminoacylated suppressor tRNAs to protein synthesis reactions, which are

programmed to encode a gene that includes a preferred amber stop codon (figure 2).2"

ACG TAG

Site-directed

mutagenesis
)
Chemically
: i lated .
Plasmid A Plasmid
C—
XX Unnatural Amino Acid In Vltro. .
ATC transcription
(mRNA) UAG

In vitro translation

Mutant protein with UAA via
In vitro site-specific incorporation

Figure 2 - In vitro site-specific incorporation of unnatural amino acids



Newer methods (in vivo) require additional biosynthetic machinery that is not recognized
by the endogenous components found in the organism performing translation, however,
they are still capable of encoding an UAA at a nonsense codon (figure 3). Schultz and
co-workers developed this method by importing a tyrosine translational system from the
archaebacterium, Methanococcus jannaschii.? They found the tRNA/RNAsynthetase
system to be orthogonal in E. coli, meaning 1) the tRNA is not recognized by any
endogenous aminoacyl-tRNA synthetases 2) the tRNA synthetase is required to
aminoacylate the orthogonal tRNA and none of the endogenous tRNAs 3) the tRNA
synthetase must only aminoacylate the tRNA with the desired UAA 4) the system must
recognize a nonsense codon to incorporate at — tRNA amber suppressor .2 This
orthogonal system was successful in fulfilling all of these criteria, making it a perfect fit
for cross-species aminoacylation. Additionally, after careful selective mutation, Schultz
and co-workers developed a mutant synthetase, TyrRS, to encode O-methyl-L-tyrosine
at a nonsense amber codon.? This ground breaking technology has led researchers to
seek out other orthogonal systems that are capable of incorporating new UAAs with
novel biological, chemical and physical properties (i.e. PTMs, photo-caged

grOUpS).2'3'5’10'1 1,14



Unnatural Amino Acid X:K

Orthogonal
synthetase

ATP

%

— =0

Orthogonal
O Suppressor tRNA

-AMP +
-PPi
=g translation
> Full length
ATE protein with UAA
mRN U — incorporation

Figure 3 - in vivo site-specific incorporation



1.3 - Post-translationally modified amino acids

It is well known that PTMs play a crucial role in eukaryotic protein-protein interactions.>
5115 |nclusive of these proteins are those that decorate the chromatin complex —
consistently seen are those found on histones. ' The “regulatory potential” of histone
marks is corroborated by the vast number lysine PTMs. For example, lysine
trimethylation of histone H3K4 marks active promoters, whereas enhancers are marked
by monomethylation, in the human genome."""® Studying of lysine and other amino
acids that exhibit PTM is difficult as many require cellular reactions that involve
enzymes with high levels of specificity.> Without site-specific incorporation, much of this
research was detailed by proteomic profiling techniques that have limitations. However,
in the case of lysine, Chin and co-workers described an approach that site-specifically
incorporates Ne-(t-butyloxycarbonly-L-Lysine), a PTM of lysine, into a target protein; a
process that subsequently allows for site-selective isopeptide formation.>° This
approach opened the window for site-specific incorporation of other PTM lysine UAAs

that are found on the chromatin complex.



1.4 - Photo-caged unnatural amino acids

Photo control of biomolecules has provided heighten advantages to understanding the
functionality of proteins, kinases, enzymes, and post-translational sites; ultimately
allowing one to follow physiological events in real time.'®'? The most popular photo-
caged groups are those that contain o-nitrobenzyl.'*'” These groups have been
attached to multiple amino acids of various protein structures and are easily cleaved
when irradiated with 365nm of UV light.>'®'2"" The reaction allows for an amino acid to
be returned to its natural state, therefore activating the enzyme or protein of interest.
For instance, Chin and co-workers were successful in site-specific incorporation of
photo-caged cysteine into a Tobacco Etch Virus (TEV) in mammalian cells, there after

allowing for rapid activation of single cells by 365nm illumination.



Scheme 1 Photon absorption and decaging reaction for 2-nitrobenzyl derivatives; X

represents the heteroatom
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The most common decaging mechanism favors the idea of proton abstraction from the
benzylic position to the nitro-group after the system has been promoted to the singlet
excited stage'” - the system assumes a singlet excited stage when absorption of a
photon from 365nm of UV light takes place. This proton shift leads to the formation of a
short-lived aci-nitro intermediate giving the E and Z conformations respectively.”® The
resulting intermediate cyclizes to a benzisoazoline followed by ring opening to give the
final 2-nitroso-benzaldehyde product.’® Itis through this mechanism that allows for
control of biomolecule activity. Over time researchers have derived new photo-caged
structures that provide faster cleavage when irradiated. These new structures introduce
electron donating oxygen atoms that highly influence the excitation of w-orbitals in the

aromatic ring to the wt*-orbitals of the nitro group.

\
X <O X O X
NO, O NO, /o NO.,

Figure 4 - Different caged compounds, with and without the oxygen electron donators; X

represents the heteroatom

With the use of these photo-caged groups and UV light, the opportunity to explore the

control of enzyme activity is at the frontline of bio-molecular research.



Chapter 2 — Synthesis and genetic encoding of 2-hydroxyisobutyryl lysine

2.1 — Importance of 2-hydroxyisobutyryl lysine

Cellular DNA exists in the form of chromatin, a tightly wound structure that contains
repeat units known as nucleosomes. Nucleosomes exist as an octamer of four core
histone proteins (H2A, H2B, H3, H4) at which 147 bases of DNA wrap around.'® These
core histones are well known for their array of covalent modifications, such as
acetylation, methylation, phosphorylation, and ubiquitylation.19 Recently, a new histone
mark, 2-hydroxyisobutyryl lysine (Knip), was discovered as an indicator of gene
transcriptional activity that is directly associated with meiotic and post-meiotic male
germ cells.” However, this research is based on proteomics profiling in different cell
types, and has yet to be studied in vivo with the site-specific technology for regulatory
enzymes that remove the 2-hydroxyisobutyryl group from 2-hydroxybutyrylated lysine.
This study can be conducted with the orthogonal tRNA/RNA synthetase site-specific
technology originally developed by Schultz and co-workers. This thesis reports the

synthesis of 2-hydroxyisobutyryl lysine and its site-specific incorporation in E. coli.

10



2.2 — Synthesis of 2-hydroxyisobutyryl lysine (Knip)

The first attempt of Ky, synthesis proceeded by treatment of commercially protected
fluorenylmethyloxycarbonyl (Fmoc) lysine with 2-hydroxyisobutyryl-O-succiminide ester.
However, after attempting to purify the compound by simple silica column
chromatography, it was apparent by TLC that the starting material and final product
closely overlapped and a desired elution system was not found. Additionally, the TLC
exhibited low product yield due to the reaction’s inefficiency in covalent addition of the

2-hydroxyisobutyryl group.

Scheme 2 - First attempt at synthesizing 2-hydroxyisobutyryl lysine

NH, HN)K@)H

HN 0 N
0=  CooH > 0= COOH

O‘O &
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HN. N\ O with Piperidine
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As an alternative, the next approach generated a copper protected form of lysine; this
allowed for selective acylation of the e-nitrogen with 2-hydroxyisobutyryl-O-succinimide
ester. The 2-hydroxyisobutyryl-O-succinimide ester was previous prepared using N,N’-
dicyclohexylcarbodiimide (DCC), a coupling reagent. Cleavage of the copper complex to
give the final product is accomplished by chelation with 8-quinolinol. Scheme 3 displays
the entire synthetic formulation of Kyj,. Nuclear magnetic resonance (NMR) and mass
spectrometry (MS) confirmed synthetic development of Kyi,. (see appendix for full

synthesis and detailed structure analysis)

12



Scheme 3 - Synthesis of 2-hydroxyisobutyryl lysine
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2.3 — Site-specific incorporation of 2-hydroxyisobutyryl lysine in E. Coli

As noted earlier, Chin previously described a method that site-specifically incorporated
Ne-(t-butyloxycarbonyl)-L-lysine (Boc-lysine) into E. coli.° The orthogonal system used,
pyrrolysyl-tRNA synthetase/tRNAcua,, was imported from the archaebacteria,
Methanosarcina barkeri (Mb), which naturally incorporates pyrrolysine, . However, other
variants of this pyrrolysyl-tRNA/RNA synthetase system exist and function as efficient
substrates for BOC-lysine, Methansarcina mazei (Mm). Here the wild-type synthetase

from Mm is screened for relaxed substrate specificity for the genetic encoding of Ky in

E. coli.
O : (@] J< (0]
‘ OH
HN J\O HN Jko HN kﬁ
N —
HN" “COOH H,N ~ ~COOH H,N ~ ~COOH
8 9

7

Figure 5 — Pyrrolysine analogs, used for in vivo site-specific incorporation

This translational system performs by inserting at a nonsense amber codon that was
previously mutated by polymerase chain reaction (PCR) at a native codon-site.>*®> Given
the leniency of the synthetase’s specificity and the structural similarities in PTM groups,
Khirb Wwas screened against the same synthetase (MmPyIS) that successfully encodes
BOC-lysine, 9, and pyrrolysine, 8. The screening utilized an expression plasmid for

superfolder green fluorescent protein (sfGFP) containing an amber stop codon, TAG, in

14



place of the codon for Y151. This same plasmid also included the pyrrolysyl tRNA (pyIT)

that is orthogonal to MmPYyIS.

Successful incorporation and generation of full-length sfGFP yields fluorescent E. coli
cells when irradiated with UV light. The synthetases tested are as follows with their

results as (see appendix for plates and synthetase mutations)

Synthetase Fluorescent cells
EV_16-5 No

EV_20 No

MmPyIS Yes

EV_17 No

Table 1- pyrrolysyl synthetases used to screen K, incorporation

Positive results were obtained from the wild type MmPYyIS synthetase, which
subsequently resulted in future testing. The expression was scaled (medium) to
increase His-tagged sfGFP production (see appendix); the cell lysate was purified by
Ni%* affinity chromatography to give pure sfGFP, Figure 6. The gel represents the
process by which two different cultures of E. coli are being purified for detection of
sfGFP. The columns labeled +AA incorporates Kni, during protein translation, and
conversely -AA no unnatural amino acid is incorporated. Elution 1 shows evidence of

full-length sfGFP with the incorporation of K, Further analysis by ESI-MS provided

15



inconclusive results, so a tryptic digestion was performed for fragmentation analysis
with LC/MS/MS. Fragmentation of the protein not only displayed evidence of successful
full-length sfGFP expression, but the exact location of Ky, Figure 7. The difference
between y(5) and y(6) is 214, which details the incorporation of Ky, — molecular weight

after peptide coupling.

AA+ AA- AA+ AA- AA+ AA- AA+ AA-

Lysate Lysate Flow Flow Elution Elution 1  Elution 2 Elution 2
= -— e — T E——
- — - —
b~
- -
g ~27
25 s . - —
y— —— - | —— — —
.
.
¥

Figure 6 - Protein gel of nickel purification — sfGFP; Flow, lysate after Nickel

incorporation; Elution 1 large band full-length sfGFP, smaller band truncated protein

Intens - *MSZ(%Q 9), 5.5min #2558
x10%7 N \ )
4 \ g‘s ) el h 1,

LEYN FT\I'/SrH)N \/)"K.,“TonK

A
o o O 0\\\01\

2 W)
860 6 , 10) B10)  b{11)
yi4) o big) I
] 4341 AL 1005.4 11986 17985 1432745
61.4 .

14 ,.:5\ ) /' 15457

1 5472 / Y(ql 312 7

1 yi3) f t

- 333.1 l u L J ia557
0; T NP S s L ..Jl - L L TR .'J . . .

200 400 600 800 1000 1200 1400 1600 1800 2000 miz

Figure 7 - LC/MS/MS of Ky, tryptic digestion
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2.4- Conclusion to 2-hydroxyisobutyryl lysine work

In conclusion, the post-translational modification, 2-hydroxyisobutyryl lysine, was
synthesized and genetically encoded by the pyrrolysyl tRNA/RNA synthetase system in
full. MS, NMR and synthesis data are provided as a foundation for future. As well, this
site-specific incorporation can be of use for future histone modification work, benefitting
all those that would like to research the true impact this histone post-translational

modification provides.

17



Chapter 3 — Photo-caged amino acid synthesis

3.1 — Importance of photo-caged amino acids

Optogenetics, a term commonly used to describe the genetic encoding of proteins with
light-responsive characteristics. With this approach researchers have learned to control
biological function such as transcription, protein localization, post-translational
modification, and ion channel activity.”” Most recent technology for the genetic encoding
of light-responsive proteins utilizes site-specific incorporation of photo-caged UAAs.
Orthogonal biosynthetic machinery is evolved to encode such UAAs at a non-sense
amber stop codon. The attached caging group is thought of as a covalently linked
chromophore that is easily cleaved with UV light exposure, there by restoring the native
properties of the protein.®'"?° This approach also allows for one to target a specific
amino acid within a protein of interest. Other usages focus much of the attention on
serine proteases, for example a known protease of this class, chymotrypsin, relies on a
specific set of three amino acids for substrate specificity. In this enzyme this set of
amino acids is referred to as “the catalytic triad” — Asp102, His57, Ser 195.2"?2 Each of
these amino acids is arranged in a favorable way to conduct proton and charge
movement efficiency in the active site. This allows for the hydroxyl group on serine to
become more reactive — carbon-oxygen bond formation between a targeted peptide and
serine (Scheme 4).22 By using the site-specific incorporation technology one can target
serine at position 195 and in theory control the activity of the enzyme with light de-
caging. Along with many other proteases that exude the catalytic triad structure, serine
and in more rare cases threonine, this technology can function to help determine

purpose and mechanism of action in the cellular environment. Additionally, with this new

18



technology research is able to circumvent the use of gene knockout technology and

further unveil new residues that play a crucial role in enzyme functionality.®

Scheme 4 - Catalytic triad control in chymotrypsin; A) active-site of the catalytic triad

found in chymotrypsin, B) caged serine with out light perturbation, C) de-caging of

serine with light perturbation
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3.2 — Synthesis of photo-caged serine

SH OH

L L

H,N~ ~COOH H,N~ ~COOH
Figure 8 — Cysteine and serine amino acids

Synthesis of photo-caged serine in the past has used protection groups (i.e. FMOC,
BOC) that are chemically cleaved upon purification?®, however, the removal of these
groups are typically tedious or fail to provide product in good yield. The greater
nucleophilic character of the nitrogen can confer the favoritism for the amino group over
the hydroxyl group in nucleophilic substitutions, thus the reason for a sufficient
protecting group. This is in stark contrast to that of cysteine, given that the thiol group is
more nucleophilic than the amino group. Furthermore, to overcome the burden of
typical protection groups, a previously reported synthesis to covalently bind the hydroxyl
group to a benzyl was discovered. The synthesis uses boron trifluoride to protect the
amino group of serine and threonine.?* The protected boron trifluoride amino acid can
then be derivatized with a synthesized trichloroacetamidate photo-caged group.?* The

synthesis of this trichloroacetamidate is as follows:

Scheme 5 — Synthesis of photo-caged trichloroacetamidate group

(e}
ice, 30min,
H NaBH,4 <O D\/\OH
—_—
NO, NH4CI, 15min 0] NO,
10 1

NH
NEt; K,COj o cl

0 OH cl kﬁ
O
{ . N — 7 I cl
o NO, C Cl RT, overnight <O NO, cl

11 12
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10, is commercially available and is reduced by sodium borohydride, producing an
alcohol, 11. 11 then undergoes reaction with trichloroacetonitrile, producing 12, the
trichloroacetamidate of interest. As stated before, this structure will only undergo
substitution on serine if the amino group is protected. Serine is protected by boron
trifluoride and is then attacked by the trichloroacetamidate product generated above.
The synthesis is displayed below:

Scheme 6 — Synthesis of photo-caged serine

OH NH
OH BF; 0 &CI
> + (0] 0 Cl
. HoN * < Cl
HN >~ COOH RT, overnight 2 |‘3/O [e) NO,
13 F~ “E 12

l RT, overnight

02N (@) 02N (0]
); I: MeOH )
o) Ii: NaOH o)

0 Ill: Et,0 0
HoN Lfo H;Lfo
OH F-B—0O
14 F

Boron trifluoride is added to a stirring solution of serine, 13, in THF. Afterwards the
mixture is rotary evaporated and re-suspended in dioxane. 12, is then added directly to
the stirring dioxane solution to liberate photo-caged protected serine . The reaction is
quenched with MeOH and NaOH; and washed with diethyl ether. The compound is
purified by XAD resin to give, 14. 14, was structurally analyzed by TLC, NMR, and
DART MS in high resolution (see appendix MS and NMR). The TLC displays after
irradiation and ninhydrin staining (that respective order). Photo-caged serine blocks

fluorescence from the plate, displaying the presence of the photo-caged group. Serine
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and photo-caged serine both stain with ninhydrin, which is representative of the amino

group.
UV irradiation Ninhydrin Stain

-
______;6___)-&_._
Qe S O\
13 14 13 14

Figure 9 - UV irradiation and ninhydrin staining of serine and photo-caged serine

3.3 — Synthesis of photo-caged threonine

The same approach in Scheme 6, can be used to synthesize threonine and allo-

threonine. The synthesis can be found below (see appendix for mass spec data on

photo-caged threonine):

Scheme 7 — Synthesis of photo-caged threonine

NH

OH cl
OH BF3 o (0] O)J\KCI
I ~  HN - < cl
o NO,

HoN "> COOH F’é/o

F l
02N O 02N (@]
> I: MeOH 7
o Ii: NaOH 0
0 Ill: Et,0 0
HoN © HN ©
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3.4 — Conclusion to photo-caged amino acid synthesis

This thesis provides knowledge in the use of photo-caged amino acids, as well, details
the structural synthesis and purification of photo-caged serine and photo-caged
threonine. The selection process is in the works, as it has potential for controlling

protease activity with 365nm of UV light.
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Chapter 4 — Future work/conclusion
4.1 — Site-specific incorporation of photo-caged serine, threonine and allo-threonine

To date a version of photo-caged serine, 4,5-dimethoxy-2-nitrobenzyl serine, has only
been site-specifically incorporated into Saccharomyces cervisiae?®, making the
incorporation into E. coli a novel approach. For the most part the tRNA has already
been modified properly from prior research; however, evolution of the synthetase would
be necessary and can be conducted by alternating positive and negative selection from
a developed library in E. coli (See appendix for active site mutations). The rounds of
selection are accomplished through the use of a fusion gene known as CATUPP, (CAT-

chloramphenicol acetyltransferase) and

Scheme 8 — Positive selection in synthetase selection for photo-caged serine, threonine

and allo-threonine

o 0
cl — cl
OH OH OH OAc

AcSCoA HSCoA

Non Enzymatic

-

ci m cl
OAc OAc m OAc OH

HSCoA AcSCoA
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(UPP-uracil phosphoribosyltransferase). The positive aspect of the test determines
those modified synthetases that successfully survive the antibiotic chloramphenicol,
thus by producing a full-length chloramphenicol resistance gene with an in-frame TAG
codon, Scheme 8. While the negative selection tests for those aaRS that non-
specifically suppress amber stop codons in a gene that is toxic in bacteria. In the
absence of an unnatural amino acid the toxic gene would be expressed ultimately
causing cell death, Scheme 9. The clones that survive the positive test and

sequentially die for the negative test are selected for.

Scheme 9 — Negative selection mechanism in synthetase selection for photo-caged

serine, threonine and allo-threonine
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After discovery of a synthetase that optimally charges serine, testing can be tested
directly into the sfGFP protein structure. Being that the orthogonal system used
recognizes a stop codon, a genetically modified variant of gene that encodes for sfGFP
has previously been developed — used for 2-hydroxyisobutyryl lysine above. As for 2-

hydroxyisbutyryl lysine, sSfGFP can be expressed in chemically competent genehogs
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and purified by nickel resin. Afterwards SDS can confirm the protein of interest and
further tryptic digestion in collaboration with LC/MS/MS. Decaging of the unnatural
amino acid will be confirmed by a m/z shift after irradiating with 365nm of light. The

result obtained would be feasible for enzymatic testing in the future.
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4.2 — Conclusion

This thesis provides background knowledge in the field of unnatural amino acid
incorporation of post-translational modifications and photo-caged amino acids. One can
utilize synthetic schemes provide to covalently alter other similar unnatural amino acids
of interest. Additionally, as stated this thesis provides a successful synthetic approach
to developing and site-specifically incorporating 2-hydroxyisobutyryl lysine. This
research can be used for future work in the field of histone post-translational
modifications. This thesis also provides a new method for creating photo-caged serine,
threonine, and allo-threonine. If successfully incorporated into the E. coli genome,
functional understanding of proteases and enzymes can be researched through light

perturbation.
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Appendix | — Synthesis of UAAs

Scheme 10 - Synthesis of 2-hydroxyisobutyryl lysine

HoN
Et3N, RT

., CuSO4 5H20
COOH AN
HoN \

HN’ COO

OH,- Cu
N-O
OOC NH

(0]

2x

2-hydroxyisobutrylysine (7): 2-hydroxyisobutryic acid (3.35g, 32mmol) and N-
hydroxysuccinimide (3.75g, 32.6mmol) were combined in 30 mL of CH3CN. After
stirring for 10 minutes, N,N'-dicyclohexylcarbodiimide (DCC) (6.72g, 32.6mmol) was
added and allowed to stir. After three hours the solution was filtered and the solvent
removed to give 2-hydroxyisobutyryl-O-succinamide ester as a yellowish oil (3.249,
50%) that was used directly without further purification. Separately, L-lysine
monohydrochloride (980 mg, 5.37mmol) was added to 5mL of saturated aqueous
NaHCOs;. The mixture was stirred at room temperature for ten minutes and CuSQO4
(669mg, 2.68mmol) added. 2-hydroxyisobutyryl-O-succinamide ester from the first step
(3.249g) was re-suspended in 10 mL of acetone, and added drop-wise to the lysine

complex over four hours to produce a blue slurry. The reaction was quenched with
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methanol and evaporated to dryness. The solid was re-suspended in water (50mL) and
stirred at room temperature. To the stirring solution was added 8-quinolinol (1.95g,
13.43mmol) and stirred vigorously overnight to produce a green slurry. The green slurry
was filtered, and the filtrate washed with ethyl acetate (3 x 30mL). The aqueous layer
was then evaporated to dryness to give 1 (967mg, 77%). R~=0.36 (3:1:1, 1-
butanol:acetic acid:water, pink with ninhydrin stain) "H NMR (300 MHz, D,0): ¢ = 1.19,
(8H, m),1.35, (2H, m), 1.68, (2H, m), 3.01 (2H, t, J = 6Hz), 3.60 (1H, t, J = 6Hz), "*C
NMR (75 MHz, D,0): o = 21.6, 25.2, 26.3, 28.1, 29.9, 38.6, 54.3, 73.0, 176.3, 179.1.

MS-ESI (m/z) [M+H]", calc C1oH21N20O4 233.1501, found 233.1492, MS-ESI (m/z)
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Figure 10 - '"H NMR of 2-hydroxyisobutyryl lysine
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Figure 12 - Mass Spec Data on 2-hydroxyisobutyryl lysine
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Figure 13 — sfGFP ESI DATA for incorporation of 1) Knip, 2) Boc-lysine
Note: Intact protein ESI-MS of sfGFP. Calculated masses correspond to the protein
sequence minus the N-terminal methionine (131) and GFP chromophore maturation

(20). Calculated mass difference is 14, observed mass difference is 14.
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Scheme 11 - Synthesis of photo-caged serine

02N O
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; O
. /L(O dioxane
HoN "~ — > (0]
F -BA"O ﬁ\overnight o
- HoN ~

NH F-B_”‘O
o e
{ Cl
o) NO, Cl
12 CH5;OH l water

NaOH XAD resin

10 (20g, 102.49mmol, 1eq) is added to 225mL of methanol while on ice. Sodium
borohydride (1.71 g, 45.09 mmol, 0.4eq) is added over 30 minutes to the reaction. The
reaction was monitored by TLC (DCM, product spot Rs = 0.31). 115mL of saturated
aqueous ammonium chloride was added to the stirring reaction, and allowed to stir for
15 minutes. The reaction was extracted three times each with 140 mL of methylene
chloride, washed with brine, and dried over magnesium sulfate. The filtrate was then
evaporated to dryness giving, 11. 11 (15 g, 76.08mmol, 1 eq) and potassium carbonate
(26.29g, 190.2mmol, 2.5eq) were suspended and stirred at room temperature in 500mL
of methylene chloride. To the stirring solution, trichloroacetonitrile (13 mL, 129.34

mmol, 1.7 eq) and triethylamine (12.6 mL, 91.30mmol, 1.2 eq) were added and allowed
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to stir overnight. The next day 100 mL of DCM and allowed to continue stirring for 30
minutes. Afterwards the solution was washed twice with 250mL of .5M HCI and once
with 250mL of saturated NaCl. The solution was dried with magnesium sulfate, filtered
and evaporated to dryness 12 (22.98g, 88%). 13 (5g, 47mmol, 1 eq) was resuspended
in 75mL of THF and stirred at room temperature. To the reaction was added 30mL of
boron trifluoride diethyl etherate, and allowed to react overnight. The reaction was
rotary evaporated the next day to give protected serine. The oil, protected serine, was
then re-suspended in 200mL of dioxane and stirred for 10 minutes until everything is
completely in solution. 12 (18.44g, 54.05mmol, 1.15eq) was added to the reaction and
continued to stir overnight at room temperature. The reaction was quenched with
methanol (15mL), NaOH (90mL), and evaporated to dryness under vacuum. The solid
was re-suspended in a minimal amount of water and purified by XAD resin; this was
done by exhausting the resin with water and checking for serine removal by TLC. The
resin is then eluted with 1:1, ethanol:water, and then further eluted with 3:1:1,
acetone:ethanol:water, 14. The purification process is closely monitored by TLC (3:1:1,
1-butanol:acetic acid:water, Ri=.53) 'H NMR (300 MHz, CDCl3) = (approximate
values) 7.6, 6.9, 6.0, 1.58, 1.40, 1.23; DART-MS (m/z) [M+H]", calc C11H13N207

285.0723, found 285.0790
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Figure 14 - DART data for photo-caged serine
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Figure 15 — Preliminary NMR data for the synthesis of photo-caged serine
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Figure 16 - DART data for photo-caged threonine
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Appendix Il - Synthetase sequence for the incorporation of 2-hydroxyisobutyryl lysine
with screening

M. mazei pyrrolysyl-tRNA synthetase
ATGGATAAAAAACCACTAAACACTCTGATATCTGCAACCGGGCTCTGGATGTCCAG
GACCGGAACAATTCATAAAATAAAACACCACGAAGTCTCTCGAAGCAAAATCTATAT
TGAAATGGCATGCGGAGACCACCTTGTTGTAAACAACTCCAGGAGCAGCAGGACT
GCAAGAGCGCTCAGGCACCACAAATACAGGAAGACCTGCAAACGCTGCAGGGTTT
CGGATGAGGATCTCAATAAGTTCCTCACAAAGGCAAACGAAGACCAGACAAGCGT
AAAAGTCAAGGTCGTTTCTGCCCCTACCAGAACGAAAAAGGCAATGCCAAAATCCG
TTGCGAGAGCCCCGAAACCTCTTGAGAATACAGAAGCGGCACAGGCTCAACCTTC
TGGATCTAAATTTTCACCTGCGATACCGGTTTCCACCCAAGAGTCAGTTTCTGTCC
CGGCATCTGTTTCAACATCAATATCAAGCATTTCTACAGGAGCAACTGCATCCGCA
CTGGTAAAAGGGAATACGAACCCCATTACATCCATGTCTGCCCCTGTTCAGGCAAG
TGCCCCCGCACTTACGAAGAGCCAGACTGACAGGCTTGAAGTCCTGTTAAACCCA
AAAGATGAGATTTCCCTGAATTCCGGCAAGCCTTTCAGGGAGCTTGAGTCCGAATT
GCTCTCTCGCAGAAAAAAAGACCTGCAGCAGATCTACGCGGAAGAAAGGGAGAAT
TATCTGGGGAAACTCGAGCGTGAAATTACCAGGTTCTTTGTGGACAGGGGTTTTCT
GGAAATAAAATCCCCGATCCTGATCCCTCTTGAGTATATCGAAAGGATGGGCATTG
ATAATGATACCGAACTTTCAAAACAGATCTTCAGGGTTGACAAGAACTTCTGCCTGA
GACCCATGCTTGCTCCAAACCTTTACAACTACCTGCGCAAGCTTGACAGGGCCCT
GCCTGATCCAATAAAAATTTTTGAAATAGGCCCATGCTACAGAAAAGAGTCCGACG

GCAAAGAACACCTCGAAGAGTTTACCATGCTGAACTTCTGCCAGATGGGATCGGG
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ATGCACACGGGAAAATCTTGAAAGCATAATTACGGACTTCCTGAACCACCTGGGAA

TTGATTTCAAGATCGTAGGCGATTCCTGCATGGTCTATGGGGATACCCTTGATGTA

ATGCACGGAGACCTGGAACTTTCCTCTGCAGTAGTCGGACCCATACCGCTTGACC

GGGAATGGGGTATTGATAAACCCTGGATAGGGGCAGGTTTCGGGCTCGAACGCCT

TCTAAAGGTTAAACACGACTTTAAAAATATCAAGAGAGCTGCAAGGTCCGAGTCTT

ACTATAACGGGATTTCTACCAACCTG
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Synthesis Screening

Chemically competent E. coli DH10-B were doubly-transformed with
pBK_sfGFP151TAG and each of four different synthetase plasmids (pBK_MmPyIS,
pBK_EV16-5, pBK_EV17, pBK_EV20). A single colony from each plate was picked to
inoculate 4mL liquid culture. Once the liquid cultures became saturated, they were
streaked on three different plates: plate 1 (LB, Kan 50ug/mL, Tet 15ug/mL, 0.2%
arabinose), plate 2 (LB, Kan 50ug/mL, Tet 15ug/mL, 0.2% arabinose, 2mM Ne-Boc-
lysine) and plate 3 (LB, Kan 50ug/mL, Tet 15ug/mL, 0.2% arabinose, 1mM 2-

hydroxyisobutyryl lysine). Irradiated and screened for fluorescent E. coli cells.

MmPyIS
No unnatural

— ‘ MmPyIS amino acid

fluorescence

difference Vb

\

MmPyIS { ‘ ~ MmPylS

MmPyIS

MmPylS ’
' MmPyIS 2mM )
Ne-Boc-lysine

Figure 17 - Screening of 2-hydroxyisobutyryl lysine; plates
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Mutations

Numbers PyIRS la]
synthetases®® 276 302 306 309 346 348 384 401 417
(241)* (267) (271) (274) (311) (313) (349) (366) (382)
1 WT M A Y L N C Y Y, w
2 BocLys M A Y L N C F Y, w
3 CbzLys M A A L N C F Y, w
4 OnbLys M A M A N A F Y, W
5 Interm"™ M A M A N C F v w
6 WT+ M A Y L A A Y % W
7 BocLys+ M A Y L A A F Y, w
8 CbzLys+ M A A L A A F Y% W
9 OnbLys+“ M A M A A A F \Y; W
10 Interm+( M A M A A A F Y, w
EV17(Mb) M A M A N C F Y, w
EV16-5 (Mb) M A M A A C F Y, w
EV2 F S C M N C Y Y, w
Chin PCC-1 M A Y L M Q Y G N
Chin PCC-2 M A Y L Q A Y M w

Table 2 — Detailed active site-mutations of MmpylS?®

Note: [a] N346A/C348A mutations were incorporated in the five synthetases to create
the “+” series of constructs.
[b] This was an intermediate construct when OnbLys synthetase was generated
from BocLys synthetase.
[c] These two variants are containing the same mutations due to incorporation of
N346A/C348A double mutations.

* numbers in parentheses symbolize the M. bakeri mutations
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Protein expression of SfGFP in E. coli — 2-hydroxyisobutyryl

From the 4mL culture containing the pBK_MmPYIS synthetase plasmid, 1mL was used
to inoculate an expression cultures in 200mL of LB media containing tetracycline and
kanamycin. After the culture reached an OD600=0.6, arabinose (final percentage of
0.2%) and 5mM 2-hydroxyisobutyryl lysine (1). A negative control culture was treated
the same, with no unnatural amino acid added. The cultures were incubated overnight
and then the cells pelleted at 6,000 x g, and re-suspended in 10mL of lies buffer (50mM
NaH,PO4, 300mM Nalco, 10mM imidazole, pH=8) with 5mg of lysozyme. After 30
minutes each culture was sonicated 3 x 1 minute at 50% power with a 30 second rest.
The resulting pellets were centrifuged at 15,000 x g and the lysate transferred to a clean
15mL Falcon tube. 500ul of Promega His Bind was added to each tube and shaken for
30 minutes. The resin was pelleted by a centrifugation and sequentially washed 3 times
with 12mL of lysis/binding buffer. The resin was eluted with 500ul elution buffer (50mM
NaH,PO4, 300mM NacCl, 250mM imidazole, pH=8). Samples for analysis by SDS-PAGE

were 20uL
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Appendix Il - MmpylS mutations for photo-caged amino acid selection

6?0 640
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| s
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Figure 18 - MmpylS mutations for photo-caged amino acid catalog selection
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