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Abstract

Natural proteins often rely on the disulfide bond to covalently link side chains. Here we
genetically introduce a new type of covalent bond into proteins by enabling an unnatural amino
acid to react with a proximal cysteine. We demonstrate the utility of this bond for enabling
irreversible binding between an affibody and its protein substrate, capturing peptide-protein
interactions in mammalian cells, and improving the photon output of fluorescent proteins.

Covalent peptide bonds in the backbone and noncovalent interactions among amino acid
side chains provide the essential framework for protein structure and function. Covalent
disulfide bonds formed between two cysteine residues contribute another fundamental type
of linkage, providing more stability and selectivity than noncovalent interactions. Indeed,
the disulfide bond is crucial for the folding, stability and activity of a variety of proteins
such as antibodies, cytokines and membrane-associated receptors-2. However, its
reversibility and redox sensitivity impose limitations on protein expression, engineering and
applications in biotechnology and therapeutics®. Isopeptide bonds between lysine and
asparagine or aspartate have also been discovered, but they form only in the hydrophobic
protein interior and require an essential glutamate or aspartate residue to catalyze the
reaction®. Additional types of covalent linkages formed autocatalytically would expand
avenues for generating novel protein properties and functions. Here we report the design and
application of a new covalent bond that is formed based on proximity-enhanced reactivity
between an unnatural amino acid (Uaa) and a nearby cysteine residue.
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To generate a new covalent bond between a Uaa and a natural amino acid, the side chain of
the Uaa must be reactive toward that of the target natural amino acid. However, because the
natural amino acid is ubiquitously present in proteins and inside cells, uncontrolled
reactivity will result in nonspecific linkages, causing cytotoxicity. In addition, a Uaa that is
bioreactive toward endogenous amino acids or proteins might not be able to go through the
protein translational machinery for genetic incorporation. For these reasons, Uaas that have
been incorporated into proteins through orthogonal tRNA-synthetase pairs hitherto have
contained either chemically inert or bioorthogonal side chains®. We hypothesized that this
challenge could be overcome by proximity-enhanced bioreactivity (Fig. 1a). Specifically,
the Uaa should not react with any free natural amino acids under physiological conditions;
but after the Uaa is incorporated and placed in proximity to its target natural amino acid
residue into proteins, the increased effective concentration and appropriate orientation of
their side chains should then facilitate the reaction. Reactivity between small molecules is
enhanced when they are brought close by DNA templates®. In addition, proximity effects for
enhancing reactivity between proteins and small molecules have been found in natural
products’ and exploited in the development of irreversible ligand binding®, small-molecule
inhibitors and activity-based protein profiling®. Because proximity of amino acid side chains
can be readily attainable either within proteins or at the interface of interacting proteins, we
reasoned that it would be feasible to harness the proximity of a designed Uaa and a target
natural amino acid for selective formation of a new covalent bond.

We designed p-2’-fluoroacetylphenylalanine 1 (F,ct, Fig. 1b) as the Uaa to react with
cysteine. The sulfhydryl group of cysteine has the highest nucleophilicity among chemical
groups occurring in natural amino acid side chains, so we expected that a weak electrophilic
group, when close to a cysteine residue, would selectively react with it. The C-F bond is
strong, and F is not a very good leaving group in Sy2 reactions, but the carbonyl group of
Fact iNcreases its reactivity, making the C a weak electrophile. In fact, small-molecule or
peptidyl fluoromethyl ketones have been shown to react irreversibly with cysteine in the
active site of a cysteine proteinasel® and the S6 kinasell.

Ffact Was synthesized via a four-step approach (Fig. 1c, Supplementary Note, Supplementary
Fig. 1). To test the reactivity of F¢,c toward cysteine, we incubated them at different
concentrations and analyzed the reaction using HPLC-mass spectrometry (HPLC-MS). In
reactions containing 1 mM Fy,¢t and 50 M cysteine, no Fe,qt reacted with cysteine (data not
shown). A small percentage (<5%) of Fs,ct reacted with cysteine when cysteine
concentration was increased to 1 mM. In contrast, in reactions containing 1 mM Fgaet and 10
mM cysteine, Fgyct Was completely converted to the product (Fig. 1d). The intracellular
concentration of free cysteine is ~19 pM in Escherichia colil2, and proximity increases the
effective concentration of reactants. Therefore, these concentration-dependent results
suggest that Fg,ct would not react with free cysteine inside E. coli cells, but its reactivity with
cysteine could be enhanced by proximity.

To determine if a covalent bond could be formed at the interface of two interacting proteins,
we genetically incorporated Fiyt into the Zgpa affibody13 and tested whether the resultant
affibody could covalently capture its substrate Z protein modified with a cysteine residue.
We chose to incorporate Fg,ct at Asp36 in the affibody and to mutate Asn6 to cysteine in the
Z protein (Fig. 2a) because these two sites are in close proximity at the interface and have
been used previously for cross-linking through chemical modificationl4. Because Fiat is
structurally similar to p-acetyl-L-phenylalanine (F4ct, Fig. 2b), differing only in having a
hydrogen atom replaced by fluorine, we reasoned that the orthogonal tRNA-synthetase pair
evolved for incorporating Fyc; (ref. 15) should be able to incorporate Fyac¢ into proteins. We
mutated Asp36 into an amber codon TAG in the affibody gene to encode Uaa and
coexpressed the mutant gene with the orthogonal tRNA-synthetase genes in E. coli. Gel
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separation of the purified affibody showed that production of the full-length affibody was
markedly increased (43-fold) when Fsac Was included in the growth medium (Fig. 2¢). We
then analyzed the purified mutant affibody by electrospray ionization MS (ESI-MS) (Fig.
2d), which indicated that Fs,¢; was site-specifically incorporated into the affibody at position
36 through protein translation in E. coli.

We next tested the intermolecular reaction of the mutant affibody (D36F¢,c) with the mutant
Z protein (N6C). We incubated the two proteins at a 4:1 ratio in Tris buffer (pH 8.0) or PBS
(pH 7.4) at 37 °C for 1 h and analyzed the reaction mixture by SDS-PAGE under denaturing
conditions. We detected a band with molecular weight corresponding to the affibody-Z
protein complex (Fig. 2e), indicating that the two were covalently linked. The yield of
covalent complex formation was 63 £ 3% (n = 3). ESI-MS analysis of the reaction product
confirmed that the complex was covalently linked by Fy,ct reacting with cysteine (Fig. 2f).
This complex band did not form when F,:36 was replaced by the non-fluorinated Fq in
the affibody or when Cys6 was replaced by asparagine in the Z protein (Fig. 2e). In addition,
when we placed cysteine at Z protein Asn3 instead of Asn6, no covalent affibody-Z complex
was formed (Fig. 2e). Taken together, these results indicate that the covalent bond formed
by Fact and cysteine was dependent on the presence of both amino acids in close proximity.

We further demonstrated the compatibility of this intermolecular bond formation in
mammalian cells. We incorporated Fg,ct into the corticotropin release factor receptor type 1
(CRF-R1)16, a class B G protein—coupled receptor (GPCR), at a site near the tip of
transmembrane helix 6 (Fig. 3a). Available three-dimensional structures indicate that the
corresponding helix of the class A GPCR is involved in ligand interaction. Cysteine was
introduced into different positions of urocortin-1 (Ucn-1), a native 40-amino-acid peptide
agonist of this receptor. We incubated the cysteine-Ucn-1 (Cys-Ucn-1) ligand analogs
individually with HEK293T cells expressing the Fg,o-CRF-R1 mutant, and then resolved
cell lysates by reducing SDS-PAGE and immunoblotted them with an antibody specific for
Ucn-1 (anti-Ucn-1). Only when cysteine was introduced at position 12 of Ucn-1 was a
covalent ligand-receptor complex formed (Fig. 3b, Supplementary Fig. 2). These results
demonstrate that the Fe,ct-Cysteine reaction can be used in mammalian cells to site-
specifically capture peptide-protein interactions under native conditions.

To explore whether the covalent bond between Fy,ct and cysteine could be formed
intramolecularly within a protein, we introduced these amino acids into fluorescent proteins
to covalently link the fluorophore to the -barrel. We replaced Tyr67 of the fluorophore with
Ffact and the proximal Ser146 in the B-barrel with cysteine in the red fluorescent protein
mPlum?’(Supplementary Results, Supplementary Methods and Supplementary Fig. 3). ESI-
MS analysis of the expressed S146C-Y67F¢,c mutant indicated that the Fg,t67-Cys146
bond was formed (Supplementary Fig. 3c). In comparison to the isosteric mutant S146C-
Y67F, lacking the fluorine atom and thus the covalent bond, the S146C-Y67F¢,c mutant
showed a 4.6-fold greater quantum yield and a 0.86-fold greater photon output
(Supplementary Fig. 3e,g). Covalent bond formation and similar effects on fluorescence
properties were also observed when the Fg,ct-Cysteine pair was introduced into another red
fluorescent protein, mKate2 (ref. 18) (Supplementary Results and Supplementary Fig. 4).

In conclusion, we have shown that it is possible to add a new covalent linkage to proteins by
designing proximity-enhanced bioreactivity between side chains of a Uaa and a natural
protein-ogenic amino acid. We expect that this approach can be used to generate other new
covalent bonds for proteins by targeting other natural amino acids. The ability to introduce
new covalent linkages into proteins will afford new avenues toward protein properties and
functions that were previously inaccessible because of the limitations of disulfide bonding,
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which will find broad applications in biological studies, protein therapeutics and synthetic
biology.

ONLINE METHODS

Fiact Synthesis
Please see Supplementary Note.

Plasmid construction

All plasmids were assembled by standard cloning methods and confirmed by DNA
sequencing. The Z protein and mutants were expressed using the pBAD-Z plasmids, in
which target genes were cloned into pBAD (Invitrogen) using the Spel and Hindlll sites. A
Hisg tag was appended to the C terminus for purification. The affibody and mutants were
expressed using pLei-tRNACPLAFf and pBK-LW1RS, pLei-tRNACPLAFf was constructed
from pLei-tRNAPPLSTAT3 (ref. 21) by replacing the STAT3 gene with the affibody gene
using the Spel and Blpl sites. A Hisg tag was appended at the C terminus of the affibody for
purification. Primer sequences can be found in Supplementary Table 1. mPlum and mutants
were expressed with pBAD-mPlum?2 and pLei-tRNACPLfactRS. pLei-tRNACPL-factRS was
constructed from pLei-tRNA°P-STAT3 by replacing the STAT3 gene with the LW1RS
gene using the Spel and Bglll sites, and no Hisg tag was appended at the C terminus of the
factRS. mKate2 and mutants were expressed with pLei-tRNACP-mKate2 and pBK-LW1RS.
pLei-tRNA%LmKate2 was constructed from pLei-tRNAPL-STAT3 by replacing the STAT3
gene with the mKate2 gene using the Spel and Bglll sites. The TAG codon for encoding the
Uaa was introduced with the QuikChange site-directed mutagenesis method (Stratagene).
For the affibody and Z proteins, two amino acids (threonine and serine) were introduced
right after the N-terminal methionine by the Spel site. Numbering of the amino acid residues
for affibody and Z followed the original numbering®. The rat CRF-R1 gene with a TAG
stop codon at L329 position was PCR amplified from pAlO-Azi-CRFRL1 (ref. 23) and
cloned into pcDNA3.1(+) using the EcoRI and Notl restriction sites to afford plasmid
329tag-CRF-R1-Flag. A Flag tag was appended at the C terminus for western blot detection.
Plasmid plre-Keto3 was constructed to express the tRNAcyaTyr derived from the Bacillus
stearothermophilus tRNATY" and the F,c-specific synthetase EKetoRS, which was derived
from the E. coli TyrRS with the following mutations: Y371, D182G, F183M, L186A and
D265R (ref. 24). The tRNAcyaTyr without the last CCA trinucleotide was driven by the U6
promoter and flanked by the 3’-flanking sequence derived from a human initiator methionine
tRNA gene?®. The tRNA cassette was repeated 3 times in tandem. The EKetoRS gene was
driven by the PGK promoter.

Protein expression and purification

E. coli BL21 cells harboring expression plasmids were grown at 37 °C in glycerol minimal
medium supplemented with 1 mM of F,; or 2 mM of racemic F,¢t (effective concentration
of L-Fgact Was 1 mM) when appropriate. Protein expression was induced with 0.5 mM IPTG
(for pLei plasmids) or 0.2% arabinose (for pBAD plasmids) when the ODgg of cells
reached 0.5. After 4-6 h, cells were lysed by sonication, and proteins were purified using
Ni-NTA resin (Qiagen) by following the published conditions and procedures?®. Yields for
Fact cOntaining proteins were: affibody 3.1 mg/L, mPlum 2.5 mg/L, mKate2 3.5 mg/L.

Mass spectrometry

Intact proteins were analyzed by ESI-TOF using an Agilent 6210 mass spectrometer coupled
to an Agilent 1100 HPLC system. Two micrograms of protein samples were injected by an
auto-sampler and separated on an Agilent Zorbax SB-C8 column (2.1 mm ID x 10 cm
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length) by a reverse-phase gradient of 0-80% acetonitrile for 15 min. Mass calibration was
performed right before the analysis. Protein spectra were averaged and the charge states
were deconvoluted using Agilent MassHunter software.

Affibody-Z complex formation

The purified Zgpp affibody (75 M) and Z protein (19 pM) were incubated with molar ratio
of 4:1 in 1x phosphate-buffered saline (PBS) (pH 7.4) or Tris buffer (50 mM Tris, 500 mM
NaCl, pH 8.0) at 37 °C for 1 h. SDS loading buffer containing 100 mM of dithiothreitol was
added to the reaction mixture, which was then boiled at 100 °C for 8 min to disrupt
noncovalent interactions. The boiled samples were then separated by 16.5% Tris-tricine gels
and stained with Coomassie blue. Band intensities were quantified by using ImageJ. The
cross-linking yield was calculated by (17 + laffibody = I cross-linked)/21z, In which | represents
band intensity.

CRF-R1 cross-linking

The sequence of Ucn-1 is DDPPLSIDL TFHLLRTLLELARTQSQRERAEQNRIIFDSV.
HEK?293T cells were transfected with 8 jug plre-Keto3 plasmid and 4 pg 329 tag-CRF-R1-
Flag plasmid using Lipofectamine 2000 in a 10-cm dish, and cultured with 0.25 mM Fgaet
for 48 h. These cells were then divided into 6 aliquots, 5 of which were incubated with the 5
different Cys-Ucn-1 ligand analogs (100 nM) individually in HEPES buffer (25 mM
HEPES, pH 7.5, 5 mM KCI, 5 mM MgCl,, 140 mM NacCl, 0.1% BSA, 0.01% Triton X-100)
containing 1 mM TCEP (tris(2-carboxyethyl)phosphine) for 90 min. The last aliquot was
incubated with 100 nM [Bpal2]-Ucn in the same condition, after which it was photo-cross-
linked for 20 min in a Spectrolinker XL-1500A (365 nm) at 4,400-5,000 pW/cm2. Cell
pellets for all samples were separately collected, lysed, denatured with 100 mM DTT for 30
min at 37 °C, and then separated by SDS-PAGE on 10% acrylamide Tris-Gly minigels.
Proteins were transferred to a PVDF membrane and immunoblotted with a polyclonal rabbit
anti-urocortin. For detection of the Flag tag, the monoclonal mouse anti-Flag M2—-
peroxidase conjugate (cat. no. A8592) purchased from Sigma was used.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Covalent bond formation through proximity-enhanced bioreactivity. (a) The genetically
encoded Uaa does not normally react with natural amino acid side chains but does react with
a target natural amino acid residue when the Uaa and the target natural amino acid are in
proximity. The proximity can be created by protein folding or conformational change within
a single protein or by protein interaction at the protein interfaces. (b) The Uaa F,t (left)
was designed to form a covalent bond with cysteine in proximity. (c) Synthesis of Fg,t. 4~
Methylacetophenone (1) was fluorinated with Selectfluor to give compound 2. After
benzylic bromination, compound 3 was obtained, and then underwent phase-transfer
alkylation to yield compound 4. Hydrolysis of 4 afforded racemic Fgyct (5). Details are
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provided in the Supplementary Note. (d) HPLC-MS analysis of 1 mM of F¢,¢t with 1 or 10

mM of cysteine. F¢,ct and cysteine were incubated 24 h in PBS, pH 7.4, at 37 °C. AU,
arbitrary units.
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Figure2.

Covalent bond formation at the interface of the affibody and the Z protein resulted in
irreversible binding. (a) Structure of the affibody—Z protein complex (PDB ID 1LP1), with
Asp36 in the affibody and Asné6 in the Z protein (used for introducing F,ct and cysteine,
respectively) highlighted. (b) Fg,ct differs from Ft by one fluorine atom. (c) Site-selective
incorporation of Fgyct into the affibody at site 36. Shown is an SDS-PAGE gel of mutant
affibody expressed in E. coli with or without F,ct in the culture medium. WT affibody
expressed without Fg,ct Was used as a control. Red arrow indicates the full-length affibody
protein. (d) ESI-MS analysis of the affibody mutant from ¢ confirmed Fg,t incorporation at
site 36. Intact affibody containing Fiact at position 36 (expected [M+H]* = 7,818.8 Da,
measured 7,817.9 Da) and this affibody lacking the initiating methionine (expected [M-Met
+H]* = 7,687.6 Da, measured 7,687.5 Da) were both detected. Notably, no peaks
corresponding to misincorporation of natural amino acids at position 36 were observed.
a.m.u., atomic mass units. (€) Incubation of the affibody (D36F#,ct) with the Z protein (N6C)
resulted in formation of the affibody-Z covalent complex, indicated by the red arrow in
SDS-PAGE (lane 3 and 4). As labeled, the Z protein contained cysteine or asparagine at
residue 6 (N3 indicates cysteine at residue 3); the affibody had Fgct Or Fact at residue 36.
Minus indicates no protein added. Lane 4 and 8: Tris buffer, pH 8.0; other lanes: PBS, pH
7.4. (f) ESI-MS analysis of the affibody (D36F¢,c)—Z (N6C) complex produced in lane 3 in
e. The Z protein also loses the initiating methionine when expressed in E. colil®. Reaction of
Ffact36 with Cys6 would result in a loss of HF. Therefore, the expected [(affibody-Met) +
(Z-Met) — HF + H]* = 15,453.1. A peak with a mass of 15,452.5 was measured, indicating
that the covalent bond of Fg,-cysteine was formed in the complex. Control analysis of
samples in lanes 2 (shown in €) and 5 showed no peak with molecular weight higher than
those of the individual affibody or Z protein.
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Figure 3.

Covalent bond formation between Ucn-1 and CRF-R1 site-specifically captured ligand-
receptor interaction in mammalian cells. (a) Schematic illustration of the integral membrane
GPCR CRF-R1 and its peptide agonist Ucn-1. Fg,r Was incorporated at Lys329, denoted by
a red star at the tip of helix 6. Cysteine was separately introduced into Ucn-1 at residues 6, 8,
10, 12 and 14 through peptide synthesis. (b) Western blot analysis of whole-cell lysates
resolved by SDS-PAGE. HEK293T cells expressing Fs,t329-CRF-R1 were incubated with
the Cys-Ucn-1 analogs individually, with cysteine position indicated at the top of each lane.
In the first star lane, a Bpal2-Ucn-1 ligand analog was used that contains the photo-cross-
linking p-benzoylphenylalanine at position 12 and is known to bind CRF-R1 with high
affinity. Photo-cross-linking was applied to this sample only to serve as a positive control.
All Cys-Ucn-1 analogs bound the receptor (Supplementary Fig. 2). Right, same samples
probed with anti-Flag, indicating the amount of loaded F,t329-CRF-R1. Fully glycosylated
CRF-R1 (mature form at the cell membrane) runs at apparent MW ~65-75 kDa. The band at
~50 kDa represents the high-mannose glycosylated receptor not yet exported to the
surface20. Non-glycosylated CRF-R1 runs at ~37 kDa.
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