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Abstract: Methods for the site-specific modification of pro-
teins are useful for introducing biological probes into proteins
and engineering proteins with novel activities. Herein, we
genetically encode a novel noncanonical amino acid (ncAA)
that contains an aryl isothiocyanate group which can form
stable thiourea crosslinks with amines under mild conditions.
We show that this ncAA (pNCSF) allows the selective
conjugation of proteins to amine-containing molecular
probes through formation of a thiourea bridge. pNCSF was
also used to replace a native salt bridge in myoglobin with an
intramolecular crosslink to a proximal Lys residue, leading to
increased thermal stability. Finally, we show that pNCSF can
form stable intermolecular crosslinks between two interacting
proteins.

M ethods for the site-specific introduction of biophysical
probes and post-translational modifications into proteins
have become important tools for the study of protein function
both inside and outside the cell.l'! These methods have also
been used to engineer proteins with improved pharmacolog-
ical, biological or enzymatic activities, for example by the
selective conjugation of polyethylene glycols, drugs or
cofactors to proteins.”! A number of different methods have
been developed to selectively modify proteins, including the
use of enzymes to modify defined sequence motifs within
a protein,” the modification of uniquely reactive cysteine
residues in proteins’! and the introduction of noncanonical
amino acids (ncA As) through semisynthetic® or recombinant
methods.”! In general, highly selective methods that mini-
mally perturb the structure of the protein are most desirable,
so as not to affect protein function, introduce immunogenic
epitopes, or create heterogeneous mixtures of proteins with
distinct activities.

We and others have exploited recombinant methods to
introduce ncAAs site-specially into proteins in response to
unique nonsense or frameshift codons by means of orthogonal
aminoacyl-tRNA synthetase (aaRS)/tRNA pairs. This
method has been used to introduce amino acids with reactive
side chains into proteins that can selectively react with
exogenous agents or form intramolecular crosslinks within
proteins. Examples include amino acids with reactive halides
(e.g., a-haloketones and haloalkanes),” aryl ketones® and
boronate groups,””’ Michael acceptors (e.g., a, p-unsaturated
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carboxylamide and sulfonamide groups),!'” alkynes""! and
azides!"” for “click” reactions, and photoreactive side chains
(e.g., aryl azides, benzophenone and diazirines).l**"*] Here,
we report the genetic encoding in E. coli of an unnatural
amino acid with a phenyl isothiocyanate side chain, and show
that this amino acid can be selectively modified with
biophysical probes and form stable intra- or intermolecular
crosslinks with native Lys residues in proteins under mild
conditions.

Phenyl isothiocyanates have long been used to modify the
N-terminal amino group of proteins in the Edman degrada-
tion.™ This functional group has attenuated reactivity
compared to other electrophilic groups that rapidly react
with glutathione (GSH) and other cellular thiol-containing
molecules. Indeed, the second-order reaction rate constant
between fluorescein isothiocyanate and propylamine was
determined to be (2.9+0.2)x1072m~'s™! at 37°C in pH 7.4
DPBS (Supporting Information (SI)). Furthermore, in the
presence of 1 mMm pNCSF. The growth rate of E. coli in LB
broth was only slightly affected (Figure S1 in the SI). To
incorporate this functional group into proteins, we synthe-
sized the structurally similar analogue of phenylalanine, para-
isothiocyanate phenylalanine (pNCSF, Figure 1a), in two
steps in 73 % overall yield (see SI). To genetically encode
pNCSE, we screened several polyspecific aaRSs that have
previously been shown to incorporate a number of structur-
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Figure 1. a) Structure of pNCSF. b) Fluorescence screening of three
poly-specific tRNA synthetase for their ability to incorporate pNCSF
into proteins in E. coli. c) SDS-PAGE analysis of sSfGFP (151TAG)
expressed with pCNFRS in the presence or absence of pNCSF. d) Mass
spectrum of sfGFP (Y151pNCSF). The inset is the mass spectrum
before deconvolution.
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ally related ncAAs, but not the common twenty canonical
amino acids. Specifically, we screened three polyspecific
aaRSs derived from the Methanocaldococcus jannaschii
tyrosyl-tRNA synthetase, (pCNFRS,"™! PolyRS!™!l and
G2y for their ability to aminoacylate pNCSF. To assess
suppression efficiency, the fluorescent protein sfGFP with an
amber stop codon (TAG) at a permissive site (Y151) was co-
transformed into E. coli DH10B along with the aaRS/
tRNAys pair. As shown in Figure 1b, cells transformed
with pCNFRS or PolyRS showed significant fluorescence in
the presence of 1 mm pNCSF; in the absence of pNCSF, no
increase in fluorescence was observed. These results suggest
that these aaRSs can utilize pNCSF as a substrate. We chose
pCNFRS for all subsequent experiments. To confirm the
selective incorporation of pNCSF, a C-terminal His-tagged
mutant of sfGFP (Y151pNCSF) was expressed in E. coli
DH10B, and purified by Ni-NTA column in 16 mgL " isolated
yield. The mutant protein was analyzed by SDS-PAGE gel
(Figure 1c¢) and electrospray ionization quadrupole time-of-
flight mass spectrometry (ESI-QTOF Mass); the observed
mass (27638 Da) was consistent with the expected mass
(27638 Da) (Figure 1d). A small amount of the sSfGFP mutant
was observed as a Lys adduct (Figure 1d)."® After 3 month
storage at 4°C, no obvious multimerization was observed.
PpNCSF should serve as a facile and selective handle for
conjugation with molecules that contain primary or secondary
amines. To demonstrate this notion, we attempted to con-
jugate two amine-containing small molecules, glucosamine
and dansyl-KG, to a sfGFP mutant in which the surface Y151
was substituted with pNCSF (Figure 2b). After co-incubation
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Figure 2. a) Labelling of sfGFP by the genetic incorporation of pNCSF
at Y151. b) Structure of glucosamine and dansyl-KG used in labelling
experiments. c) SDS-PAGE gel was visualized by coomassie blue
staining (top) and fluorescence emission (bottom). Lane 1: wt sfGFP;
Lane2: sfGFP labelled with glucosamine; Lane 3: sfGFP labelled with
dansyl-KG.

dansyl-KG NH,

of the sSfGFP mutant (7.5 um) and glucosamine or dansyl-KG
(100 equiv) at pH 8.5, 37°C for 24 hours, successful labelling
was confirmed by ESI-QTOF Mass; the efficiency was
estimated to be over 80% (Figure S2). SDS-PAGE was
performed, and the dansyl-KG labelled sfGFP was further
verified by on-gel fluorescence (Figure 2¢). Importantly, this
method avoids the low pH or catalysts required for oxime
formation, and either the metal catalysts or ring-strained
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alkynes that are required for efficient click reactions. Using
this approach, it should be possible to use a large number of
existing amine-containing molecules directly for the site-
specific modification of pNCSF-encoded proteins.

Next we explored whether pNCSF could be used to form
intramolecular thiourea crosslinks with Lys residues within
a protein. Myoglobin has a salt bridge between K17 and D123
(Figure S3). Replacement of this salt bridge with a covalent
bond might be expected to increase the thermal stability of
the protein. To test this hypothesis, D123 was substituted with
pNCSF in C-terminal His-tagged myoglobin. As a negative
control, the D1230MeY (OMeY: O-Methyl tyrosine) and
K17N/D123pNCSF myoglobin mutants were also expressed.
All mutants were successfully expressed and purified by Ni-
NTA chromatography in good yields (8 mgL ™', 13 mgL "' and
5mgL~"!, respectively); incorporation of ncAAs was con-
firmed by ESI-QTOF Mass (Figure S4), and no Lys adduct
was observed in two pNCSF mutants. SDS-PAGE (Fig-
ure 3a)showed a higher mobility band for the D123pNCSF
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Figure 3. Intramolecular crosslinking within myoglogin. a) SDS-PAGE
of wt myoglobin and its mutants. Lane 1: wt; Lane 2: D123pNCSF;
Lane 3: D1230MeY; Lane 4: K17N-D123pNCSF. b) Circular dichroism
(CD) melting curves of wt myoglobin and its mutants. The Tm value
was determined based on the maximum slope.

mutant compared to wt myoglobin and the other two mutants,
consistent with a more compact structure under denaturing
conditions. Because intramolecular protein crosslinks are
known to enhance protein thermal stability, we measured the
melting temperature of myoglobin and its mutants by circular
dichroism (CD) (Figure 3b). The pNCSF mutant had a CD
melting temperature of 81.0°C compared to 76.2°C for wt
myoglobin. Conversely, both the D1230OMeY and KI17N/
D123pNCSF mutants showed a reduced CD melting temper-
ature likely due to the loss of this salt bridge. It is noteworthy
that this crosslinking occurred during expression and purifi-
cation, and no extra treatment was necessary. Unfortunately,
attempts to proteolyze and confirm crosslinking of pNCSF to
K17 were unsuccessful (likely due to the crosslink).

Finally, we explored whether pNCSF can also form an
intermolecular crosslink between two interacting proteins. Z
protein and the Zgp, affibody (Afb) are two small proteins
(< 8 kD) that form a complex with a K, value of 6 um.'”) On
the basis of the x-ray co-crystal structure, we hypothesized
that substitution of E25 with pNCSF in Z protein would lead
to formation of a thiourea bond with K8 in Afb (Figure 4a).
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Figure 4. Intermolecular crosslinking of Z protein (E25pNCSF) to Afb-
Trx. a) Crystal structure of the Z protein-Afb complex (PDB: TLP1)
reveals that E25 in Z protein and K8 in Afb are in close proximity at
the protein interface. b) SDS-PAGE analysis of crosslink between Z
protein (E25pNCSF) and Afb-Trx fusion. Crosslinking efficiency was
measured based on relative band intensities of Afb-Trx. c) MS/MS
fragmentation of Glu-C digested peptides derived from the Z protein/
Afb-Trx crosslinking product. The spectra confirm that crosslinking
occurred between pNCSF and K8 in Afb-Trx. X denotes pNCSF.

We fused E. coli thioredoxin (Trx) to the C-terminal of Afb
(Afb-Trx) followed by a His-tag to simplify purification. The
Z protein E25pNCSF mutant was expressed and purified by
Ni-NTA chromatography (9 mgL™"). pNCSF incorporation
was further verified by SDS-PAGE and ESI-QTOF Mass
(Figure S5 and S6), and no Lys adduct was observed. To form
an intermolecular crosslink, Afb-Trx (5 um) was co-incubated
with 3 equiv of Z protein mutant at 37°C in 200 mm HEPES
buffer at pH 7.4, and samples were taken at different time
points. Based on SDS-PAGE analysis (Figure 4b), a new band
appeared at 0.5 h with an expected size of 27 kD, consistent
with the formation of Z protein/Afb-Trx complex; after
3 hours, the crosslinking efficiency was calculated to be 90 %.
The formation of the Z protein/Afb-Trx complex was also
confirmed by ESI-QTOF analysis with a peak (26745.48 kD)
corresponding to the molecular weight of the Z protein-Afb-
Trx heterodimer (26746.15 kD) (Figure S7). As a negative
control, reaction of the E25pNCSF Z protein mutant with the
Afb-Trx K8N mutant did not afford a crosslinked product
(Figure S8), indicating that both pNCSF and the correspond-
ing Lys are required for crosslink formation. Finally, cross-
linking between pNCSF and K8 of Afb-Trx was further
confirmed by Glu-C protease digestion and LC-MS/MS
analysis (Figure 4c, Figure S9 and Table S3). Because Lys is
highly abundant on protein surfaces, the use of pNCSF may
provide a useful tool to study protein/protein interactions.
In summary, we have genetically incorporated a novel
ncAA that can react with amine-containing molecules with
excellent selectivity under weakly basic conditions. pNCSF
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can also efficiently form intra- or inter-molecular crosslinks
with proximal Lys residues in proteins. This work provides
another useful tool for the selective modification of proteins,
and is especially useful for crosslinking to native lysine
residues in proteins.
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