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Site-specific modification of proteins has significantly advanced the use of proteins in biological research
and therapeutics development. Among various strategies aimed at this end, genetic code expansion
(GCE) allows structurally and functionally distinct non-canonical amino acids (ncAAs) to be incorporated
into specific sites of a protein. Herein, we genetically encode an esterified glutamic acid analogue (BnE)
into proteins, and demonstrate that BnE can be applied in different types of site-specific protein

modifications, including N-terminal pyroglutamation, caging Glu in the active site of a toxic protein, and
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Accepted 16th June 2021 endowing proteins with metal chelator hydroxamic acid and versatile reactive handle acyl hydrazide.
Importantly, novel epigenetic mark Gln methylation is generated on histones via the derived acyl

DOI: 10.1039/d1sc01882e hydrazide handle. This work provides useful and unique tools to modify proteins at specific Glu or Gln
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Introduction

There is an increasing demand for precisely decorated proteins
in academic research and the pharmaceutical industry, so
methods that enable the site-specific introduction of various
functional entities into proteins are under extensive research
and development.* Typical strategies include the fusion of
protein/peptide tags with catalytic activities (e.g. SNAP tags,
HaloTags and SpyTags)* or chemical reactivities (e.g. tetracys-
teine, aldehyde, CBT tags and w-clamps),® enzyme-catalyzed
protein modifications (e.g. sortase, lipoic acid ligase, trans-
glutaminase and butelase 1),* the use of elaborately designed
chemical reagents to react with rare residues (e.g. Cys, Met and
N-terminal residues),’ ligand-directed protein labelling,® and
protein synthesis via expressed protein ligation,” native chem-
ical ligation,® or most recently KAHA ligation,® etc. These tech-
nologies have significantly advanced our -capabilities in
functionalizing proteins with photophysical probes**** and
bioorthogonal handles,' preparing proteins with post-trans-
lational modifications,"” as well as producing high-quality
biologics.*

Genetic code expansion (GCE) is a biotechnology whereby
a non-canonical amino acid (ncAA) could be inserted into
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residues, and complements the toolbox of GCE.

proteins through suppressing an artificially introduced stop
codon or quadruplet codon with an orthogonal aminoacyl-tRNA
synthetase (aaRS)/tRNA pair.*® After two decades of research and
development,” GCE is becoming one of the most powerful
strategies in protein engineering, and provides unique tools to
many research fields, such as bioorthogonal chemistry," arti-
ficial enzyme design,'® biocontainment development,"” vaccine
development,*® protein/peptide-based drug discovery,” and so
on.

We are interested in further expanding the GCE toolbox to
address important and yet unmet needs in protein engineering.
When carefully examining the repertoire of genetically encoded
ncAAs,” it is not difficult to find out that ncAA designed as Glu
or Gln derivative is very rare, thus rendering the manipulation
of proteins at specific Glu or Gln residues challenging or even
unlikely. Glu/Gln residues are often essential for proper protein
folding, maturation, and activity, and there are increasing
reports of post-translational modifications occurring on them.*
Additionally, ester, as one of the most basic functional groups,
remains largely unexplored in the history of GCE, likely due to
the concern of ncAA integrity in intracellular environments.
With these considerations in mind, herein we would like to
genetically encode a glutamic acid analogue with an esterified
side-chain to enable certain protein manipulations at Glu and
Gln residues. The ester side-chain is more amenable to nucle-
ophilic attack as compared to the natural counterpart amide
and carboxylate side-chains, and therefore holds great potential
to realize several types of largely unexplored protein manipu-
lations, including (1) protein N-terminal pyroglutamation by
placing ncAA at the N-terminus; (2) a chemical cage of Glu; (3)
site-specifically conferring hydroxamic acid (HA) on proteins;

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Genetic incorporation of side-chain esterified glutamic
acid analogue enables multiple types of protein engineering.

(4) generating an acyl hydrazide handle for diverse protein
modifications (Scheme 1).

Results and discussion
Genetic incorporation of r-glutamic acid y-benzyl ester (BnE)

Firstly, we chose the commercially available r-glutamic acid -
benzyl ester as the target of investigation (BnE, Fig. 1A), as the
unnatural benzyl ester is less likely to experience enzymatic
hydrolysis in living cells, and empirically the moderate-sized
hydrophobic side-chain is favourable for genetic incorporation.

To encode BnE, a pyrrolysyl-tRNA synthetase/tRNA pair
(PylRS/PylT) was employed based on its adaptability to recog-
nize a large number of ncAAs and well-demonstrated orthogo-
nality in different organisms. In detail, a Methanosarcina barkeri
PyIRS library with residues A267, Y271, N311, C313 and Y349
randomized to NNK (N = A, T, G or C; K =T or G),”* was subject
to multiple rounds of positive and negative selection in E. coli
DH10B. Gratifyingly, colonies with BnE dependent growth were
obtained after the last round of positive selection, and DNA
sequencing revealed three unique variants (BnERS1-3, Table
S17). A GFP-based assay revealed that all variants could enhance
fluorescence intensity in the presence of BnE (Fig. S11). BhERS1
harboring N311S, C313A and Y349F showed the highest amber
suppression efficiency, and was used in the following studies
(thereafter denoted as BnERS). To confirm the selective incor-
poration of BnE, a C-terminal His-tagged super-folder GFP
variant with an amber mutation at a permissive site (sfGFP-
Y151TAG) was expressed in E. coli DH10B in LB media supple-
mented with 5 mM BnE, and purified through a Ni-NTA column
in 56 mg L' isolated yield. This efficiency is comparable to N-
Boc-i-lysine in our study (Fig. S271). The purified sfGFP-Y151BnE
was analyzed by SDS-PAGE gel (Fig. 1B) and electrospray ioni-
zation quadrupole time of flight (ESI-QTOF) mass spectrometry
(Fig. 1C). The observed mass peak (27 653 Da) is consistent with
the expected mass, thus confirming BnE incorporation. Of note,
BnE at Y151 is located on the external surface of sfGFP, and no
ester bond hydrolysis was observed, suggesting sufficient

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Genetic incorporation of BnE. (A) The structure of BnE. (B) SDS-
PAGE analysis of sfGFP (Y151TAG) expressed in E. coli DH10B in the
presence or absence of 5 mM BnE. (C) Mass spectrum of purified
sfGFP-Y151BnE. The inset shows the mass spectrum before
deconvolution.

stability in an intracellular environment and during the protein
purification processes.

We also attempted to encode BnE in mammalian cells. An
EGFP variant (EGFP-Y39TAG) along with BnERS/PyIT was tran-
siently expressed in HEK293T cells, and obvious green fluores-
cence was observable only in the presence of BnE, indicating the
BnE-dependent full-length expression of EGFP. The result was
further validated by western blot analysis (Fig. S37).

BnE enabling the recombinant expression of proteins with N-
terminal pyroglutamation

N-terminal pyroglutamate (pGlu) frequently occurs in proteins
and peptides, such as ribonuclease,” amyloid-f** and anti-
bodies,” and as reported pGlu formation can reduce the
susceptibility of proteins to aminopeptidase digestion, and
affect protein's structural integrity.>® pGlu is derived from N-
terminal glutaminyl and glutamyl precursors, usually catalyzed
by glutaminyl cyclase, and in certain cases through a very
sluggish intramolecular cyclization.>*”

We reasoned that BnE at the N-terminus of a protein should
accelerate the spontaneous intramolecular cyclization to form
pGlu. The initial sfGFP construct (sSfGFP-S2BnE) revealed failed
removal of the starting Met in E. coli DH10B (Fig. S4t), and then
a BnE-exposing strategy was designed. Specifically, the protein
of interest (POI) with N-terminal BnE was fused to the C-
terminus of a small ubiquitin-like modifier protein (SUMO),
which can be removed by SUMO-specific protease (Ulp1), thus
exposing BnE (Fig. 2A). Experimentally, SUMO-sfGFP fusion
containing BnE right after the SUMO tag was expressed in E. coli
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Fig.2 Generating pGlu at the N-terminus of proteins. (A) The strategy used to generate pGlu. POI: protein of interest. (B) SDS-PAGE analysis of
SUMO-sfGFP-S2BnE before (lane 2) and after (lane 3) Ulpl treatment. The mass spectra of purified SUMO-sfGFP-S2BnE before (C) and after (D)
Ulpl treatment. (E) SDS-PAGE analysis of purified pGlu-sfGFP (lane 3) during co-expression of Ulpl and sfGFP-S2E (lane 2). (F) Mass spectrum of
purified pGlu-sfGFP during co-expression of Ulpl. Wild-type sfGFP was used as a control in SDS-PAGE analysis.

DH10B, and purified through the C-terminal His-Tag in 10 mg
L~ isolated yield. This protein was treated with recombinantly
expressed Ulp1 in pH 8 buffer at 30 °C for 2.5 h, and analyzed by
SDS-PAGE and ESI-QTOF mass spectrometry (Fig. 2B-D). The
results show that the SUMO tag was completely removed, and
mass peaks corresponding to BnE (27 729 Da) and pGlu (27 621
Da) respectively at the N-terminus of sfGFP were observed
(Fig. 2D). In contrast, SUMO-sfGFP-S2E was expressed and
treated with Ulp1, and no pGlu formation was observed in mass
spectrometry (Fig. S51). The result indicates that BnE at the N-
terminus of a protein undergoes an obviously accelerated
cyclization reaction.

To complete the pGlu formation, Ulp1 was co-expressed with
the SUMO-BnE-POI fusion, as in situ generated N-terminal BnE
would allow instant pGlu formation. Specifically, Ulp1 was co-
expressed along with BnERS/PyIT and SUMO-sfGFP-S2BnE in
a standard expression process, and the affinity purification by
the C-terminal His-Tag afforded 5 mg L™ of the recombinant
protein. SDS-PAGE revealed a complete removal of the SUMO
tag, and mass spectrometry indicated complete pGlu formation
(Fig. 2E and F). As a control, co-expression of SUMO-sfGFP-S2Q
with Ulp1 hardly produced pGlu-sfGFP based on mass spec-
trometry analysis of the purified protein (Fig. S61). To

9780 | Chem. Sci, 2021, 12, 9778-9785

demonstrate the generality of this method, thioredoxin and 14-
3-3y with an N-terminal pGlu were facilely prepared and
confirmed by SDS-PAGE and mass spectrometry (Fig. S71). The
heavy chain of Herceptin Fab has an N-terminal Glu residue,
and by the method here, a pGlu was quantitatively generated at
this position (Fig. S87).

Recently, Ball et al. demonstrated that pGlu-His dipeptide at
the N-terminus of a protein could serve as an efficient reactive
handle for Chan-Lam coupling.?” By the method developed in
this work, the pGlu-His tag was installed at the N-terminus of
sfGFP, and successfully reacted with an arylboronic acid
reagent; without the adjacent His, no labelling product was
observed (Fig. S971). In short, this work provides an alternative
method to equipping proteins with N-terminal pGlu,*® possibly
promoting the relevant biological research and applications.

BnE can serve as a chemical cage of Glu

The ester bond is susceptible to alkaline hydrolysis (Fig. 3A).
Indeed, after incubation in a pH 11 Tris buffer solution for 7 h,
sfGFP-Y151BnE was completely converted to sfGFP-Y151E
based on SDS-PAGE and ESI-QTOF analysis (Fig. 3B and C).
Thus, BnE could be regarded as a chemical cage of Glu.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Barnase is a secreted ribonuclease from Bacillus amyloli-
quefaciens, and its recombinant expression in a bacterial host
requires the presence of cytoplasmic inhibitor barstar, with
which a complex can be formed (K, = ~10~'* M).? To obtain an
active barnase protein, additional steps including denaturation
and refolding are thus inevitable to get rid of barstar, and to
some extent impede the application of barnase.*® There is an
essential Glu (E73, Fig. 3D) at the active site of barnase, and we
wondered if E73 can be caged with BnE to temporarily abate its
toxicity to the expression host. To prove this concept, barnase-
E73BnE under the control of a T5 promoter was expressed in E.
coli DH10B in the presence of 5 mM BnE at 37 °C. The expres-
sion after induction hardly affected E. coli growth (Fig. S107),
and the affinity purification through the C-terminal His-Tag
afforded barnase-E73BnE at a yield of 2.5 mg L™". Then the
purified protein was incubated in pH 11 Tris buffer at 37 °C for 7
h, and analyzed by SDS-PAGE (Fig. 3E) and ESI-QTOF. Mass
spectra indicated a complete conversion of barnase-E73BnE to
wild type barnase (Fig. 3F). Furthermore, a yeast RNA-based
assay confirmed the enzymatic activity of generated barnase
(Fig. 3G), and the calculated enzymatic activity (4 x 10° units
per mg) is consistent with the reported value of wild type bar-
nase.*® Herein, the benzyl cage can be quantitatively removed
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under relatively mild conditions, indicating potential for future
applications.

Site-specifically generating acyl hydrazide and hydroxamic
acid on proteins with BnE

Esters can react with hydrazine and hydroxylamine to form acyl
hydrazide and HA respectively. HA has a high chelating power
to many metal ions, and serves as reactive warheads in
a number of bioactive compounds, such as natural iron chelator
siderophores and inhibitors of Zn*>* dependent enzymes (e.g.
matrix metalloproteinases and HDACs).** Also, acyl hydrazide
has widespread applications in bioorthogonal conjugation
reactions®” and chemical protein synthesis.*

Considering the attractive features, we attempted to equip
proteins with acyl hydrazide and HA through derivatizing the
encoded BnE (Fig. 4A). To prove this method, the purified
sfGFP-Y151BnE was incubated with an excessive amount of
hydrazine or hydroxylamine (4%, v/v) in pH 7.4 PBS solutions at
37 °C for 1 h, and then analyzed by SDS-PAGE (Fig. 4B) and ESI-
QTOF. The observed mass peaks for both reactions are in good
agreement with the expected values (Fig. 4C). As a control, no
reaction occurred when wild type sfGFP was treated with
hydrazine or hydroxylamine. This confirmed that BnE on
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Fig.3 BnEis chemically caged Glu. (A) A general scheme of BnE alkaline hydrolysis on proteins. (B) SDS-PAGE analysis of sfGFP-Y151BnE before
and after alkaline hydrolysis. (C) Mass spectrum of sfGFP-Y151BnE after alkaline hydrolysis. The mass change (loss of 90 Da) suggests the
conversion of BnE to Glu. (D) The crystal structure of barnase (PDB: 1BRS), E73 was shown in stick. (E) SDS-PAGE analysis of barnase-E73BnE
before and after alkaline hydrolysis. (F) Mass spectrum of barnase-E73BnE before and after alkaline hydrolysis. (G) A yeast RNA-based assay
confirmed the formation of active barnase, and barnase-E73BnE is inactive. Error bars represent s.d. of three independent biological replicates.
Site-specifically generating acyl hydrazide and hydroxamic acid on proteins with BnE.
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Fig. 4 BnE allowing the site-specific installation of acyl hydrazide and
hydroxamic acid on proteins. (A) A general scheme for the reaction
between POl with encoded BnE and hydrazine or hydroxylamine. (B)
SDS-PAGE analysis of sfGFP-Y151BnE after reaction with hydrazine or
hydroxylamine. (C) ESI-QTOF analysis of sfGFP-Y151BnE after reaction
with hydrazine or hydroxylamine.

a protein could be efficiently converted into acyl hydrazide or
HA.

Constructing HA-based artificial metal-binding centers on
proteins

Metal-chelating ability is of great interest in protein engi-
neering, and herein the site-specifically generated HA side-
chains on a protein would be a unique tool in metalloprotein
design. Natural siderophores usually employ three HA moieties
to realize the extremely high binding affinities for Fe*', thus
making us wonder if multiple HA moieties could be constructed
on a single protein. Experimentally, three closely spaced resi-
dues on sfGFP including K45, D210 and N212, were chosen to
construct a tridentate metal-binding center (Fig. 5A). As
a control, single and double HA installations were also included
(sfGFP-N212, and sfGFP-D210-N212). To enhance amber
suppression, sfGFP variants with two and three BnE were
expressed in a RF1 knockout strain (C321.deltaA), and purified
at ayield of 47 and 20 mg L™ " respectively. sfGFP-N212BnE was
purified in E. coli BL21(DE3) at a yield of 53 mg L~". All sfGFP
variants were treated with hydroxylamine, and then subject to
SDS-PAGE and ESI-QTOF analysis (Fig. 5B, C and S11}). Mass
spectrometry revealed nearly quantitative conversion of BnE to
HA in all cases. Metal cations can affect the fluorescence
intensity of GFP,** so the fluorescence intensity of these sfGFP

9782 | Chem. Sci,, 2021, 12, 9778-9785
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Fig. 5 BnE-derived hydroxamic acid confers protein with metal-
binding ability. (A) A scheme of generating tridentate metal-binding
sites on sfGFP (PDB: 2B3P). (B) SDS-PAGE analysis of sfGFP variants
with one, two and three HA groups. (C) ESI-QTOF analysis of sfGFP
variants with one, two and three BnE groups before and after being
treated with hydroxylamine. (D) The fluorescence change of sfGFP
variants after incubation with different concentrations of Cu®*. Error
bars represent s.d. of three independent biological replicates.

variants was investigated in the presence of Cu®** and Fe**
respectively. Relative to the wild type, single or double HA
installation moderately increased the sensitivity of sfGFP to
Cu**, while triple HA installation displayed much enhanced
sensitivity, implying a synergistic effect of triple HA moieties
(Fig. 5D). A similar phenomenon was also observed for Fe®*
(Fig. S127). This experiment indicated the feasibility of con-
structing HA-based artificial metal binding centers on proteins
by encoding BnE.

BnE-derived acyl hydrazide on proteins is a versatile reactive
handle

Lastly, we would like to explore the potential of BnE-derived acyl
hydrazide in protein engineering. Liu et al. developed a che-
moselective reaction between N-terminal Cys and C-terminal
hydrazide of two different peptides for chemical protein
synthesis, and demonstrated its application in many cases.®»33*
This inspired us to know whether the BnE-derived acyl hydra-
zide can be used in site-specific protein labelling (Fig. 6A).
Specifically, sfGFP harboring an acyl hydrazide at Y151 was
treated with 1 mM NaNO, in 20 mM pH 3 phosphate buffer for
20 min, and then incubated with 2 mM Fl-cys at pH 7 for 4 h.
The labelling product was subject to SDS-PAGE analysis, and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a bright band was observed by fluorescence (Fig. 6B). Further-
more, ESI-QTOF analysis confirmed the formation of the
desired product; the observed mass (27 996 Da) is in good
agreement with the expected mass (27 995 Da), and only a small
amount of hydrolyzed product was observed (Fig. 6C). This
experiment verified the usefulness of BnE-derived acyl hydra-
zide in site-specific protein labelling.

A recent study revealed that GIn methylation on histones is
a novel epigenetic mark and RNA-polymerase-I-dedicated
modification.>"® Ambitiously, we attempted to use BnE-derived
acyl hydrazide to prepare histone variants with site-specific Gln
methylation. To start with, a H3 variant with BnE at Q56 (H3-
Q56BnE) was expressed in E. coli, and verified by mass spec-
trometry (Fig. 7B). Initial efforts in adjusting Liu's method by
using methylamine instead of a Cys derivative did not afford the
desired product, possibly due to the short half-life of acyl azide
in aqueous solutions. Recently, Dawson et al. reported the use
of Knorr pyrazole as the thioester surrogate in native chemical
ligation.** Derived from acyl hydrazide, the acyl pyrazole
exhibits weaker electrophilicity, and hopefully would react with
methylamine in aqueous solutions (Fig. 7A). BnE at H3-Q56 was
converted into the corresponding acyl hydrazide, then reacted
with acetyl acetone (acac) in a pH 3 guanidine solution at 37 °C
for 1.5 h. ESI-QTOF analysis revealed an efficient formation of
the acyl pyrazole intermediate (Fig. 7B). Methylamine was
added into the acyl pyrazole solution with subsequently pH
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Fig. 7 Site-specifically generating methylated Gln on H3. (A) A general procedure for generating methylated Gln on histone. (B) ESI-QTOF
analysis of H3-Q56 variants in the process of preparing H3-Q56Qe. (C) SDS-PAGE analysis of H3 WT and H3-Q56Q . (D) The MS/MS analysis

of the obtained H3-Q56Q ..
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adjusted to 9, and then the mixture was incubated at 37 °C for 5
h. The final product was analyzed by SDS-PAGE (Fig. 7C) and
ESI-QTOF. The mass spectra confirmed the formation of H3-
Q56Qe, and only a small amount of hydrolyzed product was
observed (Fig. 7B). To prove the generality of this method, GIn
methylation was also generated at Q5 and Q94 on H3 with
similar efficiency (Fig. S13 and S14%). Finally, enzymatic diges-
tion and collision-induced fragmentation were applied to H3-
Q56Qme and H3-Q94Q,., and confirmed the site-specific Gln
methylation (Fig. 7D, and Fig. S14f). Notably, this work
provided a useful method to construct amide bonds on protein
side-chains, and may offer solutions to the generation of other
PTMs on proteins, such as N-glycosylation.

Conclusions

In summary, a side-chain esterified glutamic acid analogue
(BnE) has been genetically encoded into proteins in bacteria
and mammalian cells. With this tool, we demonstrated the
generation of N-terminal pGlu on recombinant proteins
expressed in E. coli, and proved that BnE can serve as a chemical
cage of Glu, offering a method for the expression of cytotoxic
barnase. Furthermore, we showed that BnE on proteins can be
facilely converted into HA, a useful metal chelator, and into acyl
hydrazide, a handle that allows versatile protein modifications,
including histone Gln methylation. We believe this work
provides unique tools to manipulate proteins, and would be
useful in a number of fields.
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