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abled sulfur fluoride exchange
reaction in the protein context†

Bingchen Yu, ‡ Li Cao,‡ Shanshan Li, Paul C. Klauser and Lei Wang *

The proximity-enabled sulfur(VI) fluoride exchange (SuFEx) reaction generates specific covalent linkages

between proteins in cells and in vivo, which opens innovative avenues for studying elusive protein–

protein interactions and developing potent covalent protein drugs. To exploit the power and expand the

applications of covalent proteins, covalent linkage formation between proteins is the critical step, for

which fundamental kinetic and essential properties remain unexplored. Herein, we systematically studied

SuFEx kinetics in different proteins and conditions. In contrast to in small molecules, SuFEx in interacting

proteins conformed with a two-step mechanism involving noncovalent binding, followed by covalent

bond formation, exhibiting nonlinear rate dependence on protein concentration. The protein SuFEx rate

consistently changed with protein binding affinity as well as chemical reactivity of the functional group

and was impacted by target residue identity and solution pH. In addition, kinetic analyses of nanobody

SR4 binding with SARS-CoV-2 spike protein revealed that viral target mutations did not abolish covalent

binding but decreased the SuFEx rate with affinity decrease. Moreover, off-target cross-linking of

a SuFEx-capable nanobody in human serum was not detected, and the SuFEx-generated protein linkage

was stable at cellular acidic pHs, suggesting SuFEx suitability for in vivo usage. These results advanced

our understanding of SuFEx reactivity and kinetics in proteins, which is invaluable for ongoing exploration

of SuFEx-enabled covalent proteins for basic biological research and creative biotherapeutics.
Introduction

As a new generation of click chemistry,1,2 sulfur(VI) uoride
exchange (SuFEx) has been widely used in small molecules in
diverse elds such as chemical synthesis,2,3 medicinal
chemistry,4–7 material chemistry8,9 and chemical biology.10,11

Aryl uorosulfates and aryl sulfonyl uorides are relatively
latent towards biological nucleophiles, yet become reactive
upon being placed in proximity to target protein residues,
creating stable covalent linkages via SuFEx under cellular
conditions.1,11–13 This unique property drives the design and
discovery of covalent small molecule inhibitors with therapeutic
potentials.5,6,14 Besides applications in small molecules, SuFEx
has emerging power in proteins. For instance, it promoted the
study of protein–protein interactions through cross-linking
interacting protein pairs in vivo,12,13,15 which preserves weak
and transient protein–protein interactions for subsequent
analysis. Recently, we demonstrated the concept of generating
covalent protein drugs via proximity-enabled SuFEx between
The Cardiovascular Research Institute,

er Center, University of California San

San Francisco, California 94158, USA.

tion (ESI) available. See DOI:

the Royal Society of Chemistry
proteins in vivo.13,15,16 In this strategy, latent bioreactive unnat-
ural amino acids (Uaas) carrying aryl uorosulfate or sulfonyl
uoride groups are site-specically incorporated into protein
drugs via genetic code expansion. These Uaas include uo-
rosulfate-L-tyrosine (FSY),13 uorosulfonyloxybenzoyl-L-lysine
(FSK),15 meta-uorosulfate-L-tyrosine (mFSY),17 uorine-
substituted uorosulfate-L-tyrosine (FFY),18 and o-sulfonyl uo-
ride-O-methyltyrosine (SFY).19,20 Upon binding with the target
protein, these Uaas can crosslink with Lys, His or Tyr on the
target via SuFEx to form a stable covalent linkage between the
drug and target proteins. Covalent protein drugs were rstly
demonstrated in vivo on a programmed cell death protein-1 (PD-
1)/PD-L1 pair, where FSY was incorporated into PD-1 to cova-
lently block PD-L1, exhibiting potent antitumor efficacy over the
noncovalent wildtype PD-1.21 This strategy has been subse-
quently used to build covalent antibodies for human rhinovirus
14 (HRV14) 3C protease,22 covalent protein inhibitors for
neutralizing SARS-CoV-2,18,23 and covalent protein radiophar-
maceuticals to enhance efficacy and safety for targeted radio-
nuclide therapies,24 showing great potential in developing novel
biotherapeutics.

For various emerging SuFEx applications in proteins, the
formation of the protein–protein covalent linkage is a key step.
SuFEx kinetics determines the covalent bond formation rate
and would thus directly impact the efficacy. Although SuFEx
kinetics has been characterized on small molecules,25 it has not
Chem. Sci., 2023, 14, 7913–7921 | 7913
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been systematically studied in the protein–protein context.
Chemical reactivity and kinetics can differ signicantly at the
level of small molecules from proteins.1,26–28 For instance, target-
specic covalent small molecule inhibitors have been shown to
inhibit proteins in a generic two-step mechanism involving
non-covalent complex formation followed by covalent reac-
tion.29 Here we report a systematic investigation of SuFEx
kinetic and essential properties in the protein–protein context.
We found that SuFEx kinetics in the protein–protein context
conformed with a two-step mechanism, which is different from
kinetics on small molecules but analogous to that of covalent
small molecules inhibiting their target protein. Protein–protein
SuFEx showed nonlinear dependence of protein concentrations,
the rate of which was affected by protein binding affinity,
chemical reactivity of the functional group, target residue
identity, and pH. We further studied the important practical
properties of SuFEx in proteins, including the impact of target
mutations, off-target reactivity, and linkage stability. These
results will be highly valuable in guiding the innovative use of
SuFEx for studying and engineering proteins in covalent
chemical mode. The general kinetic principles revealed for
covalent linkage formation between proteins should further
inspire the development of new proximity-enabled chemistry
for biocompatible usage in vivo.

Results and discussion
Protein–protein covalent linkage formation via proximity-
enabled reactivity

Covalent linkage formation between two interacting proteins
through proximity-enabled reactivity generally occurs in two
steps (Scheme 1): the two proteins rst bind forming a non-
covalent complex, which places the latent bioreactive Uaa of
one protein close to a target natural residue of the other
protein.30 Accelerated by the proximity effects, the latent Uaa
and its target residue then undergo reaction, giving rise to
a specic covalent linkage. The initial non-covalent binding of
the two proteins is governed by their affinity (Ki), and the
subsequent covalent bond formation is determined by the
covalent reaction rate k2. The reaction under study in this work
is SuFEx, for which the latent bioreactive Uaa is FSY carrying the
uorosulfonate group and its target natural residue can be Lys,
His, or Tyr. Fluorosulfonate undergoes the SuFEx reaction with
the nucleophilic side chains of these natural residues when
placed in close proximity. Owing to the two-step mechanism, we
expect that the kinetics for such protein–protein covalent
Scheme 1 Covalent linkage formation between interacting proteins
via proximity-enabled reactivity.

7914 | Chem. Sci., 2023, 14, 7913–7921
linkage formation would be different from the second-order
kinetics for two reacting small molecules, in which the reac-
tion rate keeps increasing with reactant concentrations.
Instead, we expect that the kinetics would be analogous to that
of an irreversible small molecule inhibitor acting on its target
protein. We tested this kinetic hypothesis using different
binding protein pairs and SuFEx-capable functional groups.

SuFEx kinetics in the Zspa affibody–Z protein pair

We began with an affibody-target protein pair to study the
kinetics of SuFEx in the protein context. The Zspa affibody (A)
binds with its target Z protein with a Kd of∼6 mM.31 On the basis
of the crystal structure of the A-Z complex,31 the latent bio-
reactive Uaa FSY was incorporated at site 24 of the Z protein to
covalently target Lys7 of the A (Fig. 1A).13 The FSY incorpo-
ration and target sites were selected based on their average
distance and side chain orientation so that the side chains
could contact when the two proteins bind. Maltose binding
protein (MBP) was fused to the N-terminus of the Z protein
generating the MBP-Z fusion protein to better separate the Z
Fig. 1 Measurement of SuFEx kinetics in the Zspa affibody–Z protein
pair. (A) Crystal structure of the Zspa affibody (Afb, cyan) binding with
the Z protein (yellow), with residue Asp24 for FSY incorporation and
target Lys7 shown in sticks. (B) SDS-PAGE analysis of cross-linking of 6
mM MBP-Z(24FSY) with different concentrations of Afb in vitro for the
indicated duration of incubation time. (C) Determination of the
pseudo-first-order rate constant kobs for different concentrations of
Afb. The experiments were independently repeated three times, and
the data for one time are shown here. (D) Calculated kobs for each Afb
concentration. Mean ± s.d., n = 3. (E) Plotting kobs against Afb
concentration [Afb] to determine the second-order rate constant k.
The data were fitted to equation kobs= kmax[Afb]/(KS + [Afb]). Error bars
represent s.d., n = 3.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Measurement of SuFEx kinetics in the nanobody 7D12–EGFR
pair. (A) Crystal structure of nanobody 7D12 (cyan) binding with the
human EGFR (yellow), with residue Tyr109 for FSY incorporation and
target Lys443 shown in sticks. (B) SDS-PAGE analysis of cross-linking
of 0.2 mM EGFR with different concentrations of 7D12(109FSY) in vitro
for the indicated duration of incubation time. (C) Determination of the
pseudo-first-order rate constant kobs for different concentrations of
7D12(109FSY). The experiments were independently repeated three
times, and the data for one time are shown here. (D) Calculated kobs for
each 7D12(109FSY) concentration. Mean ± s.d., n = 3. (E) Plotting kobs
against 7D12(109FSY) concentration [7D12] to determine the second-
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protein from the A, which have similar molecular weights.
MBP-Z(24FSY) and A were expressed in E. coli and affinity
puried through the Hisx6-tag appended at their C-termini.

We rst tested the stability of proteins containing FSY in
aqueous buffer. MBP-Z(24FSY) was incubated in PBS (pH = 7.4)
at 37 °C for 24 h and analyzed with high resolution electrospray
ionization time-of-ight mass spectrometry (ESI-TOF MS). The
protein's MS peak did not change before and aer incubation
(Fig. S1†). Similar results were also obtained with another
protein, in which FSY was incorporated into site 6 of ubiquitin
(Fig. S2†). These results indicate that FSY was stable in proteins
under the tested conditions.

Next, 6 mM MBP-Z(24FSY) was incubated with A ranging
from 3 to 192 mM in phosphate-buffered saline (PBS, pH 7.4) at
37 °C. At different time points, samples were extracted,
quenched with 4% SDS, and analyzed with SDS-PAGE under
denatured conditions. At all concentrations, we observed
a time-dependent decrease of MBP-Z(24FSY) band intensity and
a concomitant increase of cross-link band intensity (Fig. 1B).

To determine the kinetics of covalent protein complex
formation, we measured the MBP-Z(24FSY) band intensities
and normalized the band intensities at different time points
relative to the band intensity at 0 h (before cross-linking). The
natural logarithm (ln) of the normalized MBP-Z(24FSY) band
intensity was plotted against time. For each A concentration
tested, a linear relationship was observed in the plot with R2 >
0.95 in most cases (Fig. 1C and S3†). The pseudo-rst-order rate
constant, kobs, was calculated for each concentration (Fig. 1D),
and was plotted against A concentration in Fig. 1E. The kobs
for covalent protein complex formation initially increased with
increasing concentration of A and then reached a plateau at
around 24 mM A, exhibiting a hyperbolic dependence that
saturated at a maximum rate constant of kmax= 0.0597± 0.0019
h−1. The half-saturating concentration KS, the concentration
needed to reach half of the maximum reaction rate, of A was
calculated to be 4.5 mM. Therefore, the second-order rate
constant, k = kmax/KS,29,32 for covalent protein complex forma-
tion was determined to be (1.32 ± 0.04) × 104 M−1 h−1.
order rate constant k. The data were fitted to equation kobs =
kmax[7D12]/(KS + [7D12]). Error bars represent s.d., n = 3. (F) Cross-
linking of 7D12(109FSY) with the EGFR on the cell surface. Cells were
incubated with varying concentrations of 7D12(109FSY) for the indi-
cated time period, after which cell lysates were analyzed by denatured
western blot to detect the cross-linked EGFR–7D12 complex. GAPDH
was detected as the loading control.
SuFEx kinetics in the nanobody 7D12–EGFR pair

The proximity-enabled SuFEx reaction between proteins is
driven by the binding of the two proteins, which places the
latent bireactive Uaa in close proximity to its target natural
residue. We thus expect that the protein binding affinity could
play a critical role in the SuFEx kinetics. To investigate this
effect, we further studied the SuFEx kinetics using the 7D12
nanobody, which binds to the human epidermal growth factor
receptor (EGFR) with a Kd of 200 nM.33 Its binding affinity is
higher than that of the A–Z protein pair (Kd = 6 mM).

On the basis of the crystal structure of the 7D12–EGFR
complex,33 FSY was incorporated at site 109 of the 7D12 nano-
body [7D12(109FSY)] to covalently target Lys443 of the EGFR
(Fig. 2A).15 The mutant nanobody 7D12(109FSY) was expressed
in E. coli and affinity puried through the Hisx6 tag appended at
the C-terminus. We then incubated 0.2 mM EGFR with
7D12(109FSY) ranging from 0.2 to 12.8 mM in PBS (pH 7.4) at
© 2023 The Author(s). Published by the Royal Society of Chemistry
37 °C. Samples were extracted, quenched, and analyzed with
SDS-PAGE at different incubation time points. The extracellular
domain of the EGFR with an Fc tag (total MW= 95 kDa), instead
of a full-length EGFR (MW= 200 kDa), was used in these in vitro
cross-linking experiments, so that the cross-linked EGFR could
be clearly separated from the non-cross-linked EGFR by gel
electrophoresis. When 0.2 mM 7D12(109FSY) was used, the
cross-linking band was not obvious until 10 h, suggesting that
the cross-linking rate was low at this concentration. At other
7D12(109FSY) concentrations, a time-dependent decrease of
Chem. Sci., 2023, 14, 7913–7921 | 7915
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EGFR band intensities and concomitant increase of cross-link
band intensities were detected (Fig. 2B).

Plotting the normalized EGFR band intensity against time also
showed a linear relationship with R2 > 0.90 in most cases (Fig. 2C
and S4†). The pseudo-rst-order rate constant, kobs, was calcu-
lated for each concentration of 7D12(109FSY) (Fig. 2D) and
plotted against 7D12(109FSY) concentration (Fig. 2E). Similar to
what was observed in the A–Z protein pair, the kobs for covalent
7D12(109FSY)–EGFR complex formation initially increased with
increasing concentration of 7D12(109FSY) and then reached
a plateau, displaying a hyperbolic dependence. The kmax was
calculated to be 0.0972 ± 0.0054 h−1 and KS 0.58 mM, giving
a second-order rate constant k of (1.68 ± 0.09) × 105 M−1 h−1.

Protein SuFEx kinetics and effects of binding affinity

In both protein pairs, we observed that the protein SuFEx rate
initially increased with protein concentration when protein
concentration was low and then reached a maximum rate
despite further increase of protein concentration. These results
are consistent with the two-step mechanism (Scheme 1) for
protein–protein covalent linkage formation via proximity-
enabled reactivity and conrmed our kinetics hypothesis.
When both protein concentrations are low (#Kd), a signicant
amount of protein is not bound, limiting the SuFEx rate; an
increase of protein concentration promotes protein association
and increases the SuFEx rate. When one protein is supplied in
high concentration (>several-fold of Kd), the majority of the
other protein has already been bound, and further increase of
the former will no longer signicantly increase the SuFEx rate,
resulting in the observed rate plateau.

A comparison of SuFEx kinetics in the above two protein
pairs reveals the effect of the binding affinity of the proteins. For
the A–Z protein pair with a lower binding affinity, the
maximum kobs was 0.0597 ± 0.0019 and was reached when
MBP-Z(24FSY) and A-7K concentrations were 6 mM and 24 mM,
respectively. The calculated second-order rate constant was
(1.32 ± 0.04) × 104 M−1 h−1. For the 7D12–EGFR pair with
a higher binding affinity, the maximum kobs was 0.0972 ±

0.0054 h−1 and was reached when EGFR and 7D12(109FSY)
concentrations were 0.2 mM and 1.6 mM, respectively. The
calculated second-order rate constant was (1.68 ± 0.09) × 105

M−1 h−1, ten-times higher than that of the A–Z protein pair.
Therefore, a higher binding affinity resulted in a faster apparent
second-order SuFEx rate between proteins.

SuFEx kinetics of the nanobody 7D12 cross-linking
endogenous EGFR on the cell surface

Aside from puried proteins binding in vitro, we also evaluated
SuFEx kinetics on native proteins expressed on the live cell
surface, which represents a general application setting of
covalent protein binders or therapeutics. Specically, EGFR-
expressing A431 cells were incubated with varying concentra-
tions of 7D12(109FSY) for the indicated time period, aer which
cell lysates were analyzed with western blot under denatured
conditions to detect the EGFR cross-linked by the nanobody
7D12(109FSY). Ideally, an EGFR-specic antibody should be
7916 | Chem. Sci., 2023, 14, 7913–7921
used to detect both the cross-linked and non-cross-linked
EGFRs in order to quantitate the kinetics. However, the full-
length native EGFR on cells has a large molecule weight (MW)
of 200 kDa, making it difficult to clearly separate it from the
EGFR cross-linked by 7D12(109FSY) (MW = 215 kDa). As
a result, we used an anti-Hisx6 antibody to detect the Hisx6 tag
appended at the C-terminus of 7D12(109FSY) so as to visualize
the cross-linked EGFR–7D12(109FSY) complex.

As shown in Fig. 2F, the cross-linking bands intensied with
the increase of incubation time. On the basis of the band
intensities, when 7D12(109FSY) concentration increased from
0.1 mM to 0.2 mM, the cross-linking rates increased; however, no
signicant rate increase was observed when a higher concen-
tration (0.4 mM) was used. Further increasing concentration of
7D12(109FSY) from 0.4 mM to 3.2 mM did not further increase
the cross-link rates (Fig. S5†). These results indicate that the
SuFEx rate on the cell surface also increased with increasing
concentration of 7D12(109FSY) and plateaued around 0.2 mM.
Interestingly, the SuFEx rate for 7D12(109FSY)–EGFR on the cell
surface reached the plateau at a lower 7D12(109FSY) concen-
tration (0.2 mM) than that in vitro (1.6 mM). The EGFR is known
to cluster on the cell surface, which can enhance the local
effective concentration and contribute to this difference.
Effects of chemical reactivity on protein SuFEx kinetics

Besides the uorosulfonate group, the sulfonyl uoride group is
another latent bioreactive functional group that can react
through SuFEx.1,2,34 In the protein–protein context, both uo-
rosulfonate and sulfonyl uoride can form stable linkages with
side chains of His, Lys, and Tyr, but their resultant linkages with
the side chains of Cys, Ser, and Thr are unstable.13,20,25,35,36 From
the chemical point of view, sulfonyl uoride is considered to be
more reactive than uorosulfonate.25,37 Since the second step of
the proximity-enabled SuFEx reaction between proteins directly
involves reactivity, we thus evaluated how intrinsic chemical
reactivity impacts protein SuFEx kinetics. We recently designed
and genetically encoded the Uaa o-sulfonyl uoride-O-methyl-
tyrosine (SFY), which bears a sulfonyl uoride group. SFY is able
to crosslink proteins with different types of biomolecules
including proteins, carbohydrates, and RNA.19,20 The sulfonyl
uoride group in SFY is located at the meta position of the
phenyl ring, while FSY has the uorosulfonate group at the para
position. We have shown that the orientation of the functional
group affects the reactivity in the proximity-enabled SuFEx
reaction on proteins.17,34 Therefore, we decided to compare SFY
with mFSY, whose uorosulfonate group is also at the meta
position (Fig. 3A).17

We compared the SuFEx kinetics of mFSY and SFY using E.
coli glutathione transferase (ecGST), a homodimeric protein. On
the basis of the crystal structure of ecGST,38 mFSY or SFY was
incorporated into site 103 of ecGST at the dimer interface to
target Lys107 of the other monomer.39 ecGST(103mFSY) and
ecGST(103SFY) were separately expressed in E. coli cells. At
different time points aer the induction of ecGST expression, E.
coli cells were extracted, and cell lysates were analyzed by
denatured western blot to detect the covalent dimerization of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SuFEx kinetics comparison between fluorosulfonate and
sulfonyl fluoride in ecGST. (A) Structure of SFY and mFSY bearing
sulfonyl fluoride and fluorosulfonate groups, respectively. (B and C)
Covalent dimerization of ecGST(103mFSY) (B) and ecGST(103SFY) (C)
at different time points in E. coli cells. The experiments were inde-
pendently repeated three times, and the data for one time are shown
here. (D) Band intensity ratio of ecGST crosslinked dimer to monomer
at different time points. n = 3 independent repeats; error bars
represent s.e.m.
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ecGST. As shown in Fig. 3B–D, ecGST(103SFY) exhibited a much
faster covalent dimerization rate than ecGST(103mFSY), sug-
gesting that sulfonyl uoride affords a faster SuFEx reaction rate
than uorosulfonate in this protein context.

Effects of target residue identity and pH on protein SuFEx
kinetics

Previously we demonstrated that FSY can crosslink with Lys,
His, or Tyr through SuFEx in various proteins. Here we
systematically compared the SuFEx kinetics of FSY with these
Fig. 4 Effects of the target residue identity and pH on SuFEx kinetics in
the Afb–Z protein pair. (A) SDS-PAGE analysis of cross-linking of 6 mM
MBP-Z(24FSY) with 192 mM Afb-7K, Afb-7H, or Afb-7Y at pH 7.4 in vitro
at different time points. (B) Determination of maximum kobs between
MBP-Z(24FSY) and different Afb at pH 7.4. The experiments were
independently repeated three times, and the data for one time are
shown here. (C) Calculatedmaximum kobs betweenMBP-Z(24FSY) and
different Afb at pH 7.4 and 8.8 (mean ± s.d., n = 3). (D) SDS-PAGE
analysis of cross-linking of 6 mM MBP-Z(24FSY) with 192 mM Afb-7K,
Afb-7H, or Afb-7Y at pH 8.8 in vitro at different time points.

© 2023 The Author(s). Published by the Royal Society of Chemistry
different target residues in the context of the A–Z protein pair.
We incubated 6 mMMBP-Z(24FSY) with 192 mM A-7K, A-7H,
or A-7Y in PBS (pH 7.4) at 37 °C. At different time points,
samples were extracted, quenched, and analyzed with SDS-
PAGE under denatured conditions. An excess of A was used
to measure the maximum SuFEx rate. As shown in Fig. 4A, A-
7K, A-7H, and A-7Y all cross-linked with MBP-Z(24FSY) in
a time-dependent manner. We quantied the MBP-Z(24FSY)
band intensities and calculated the kobs using the same
method described above (Fig. 4B and S6†). Under these condi-
tions, the maximum SuFEx rate (kobs) for A-7H, A-7K, and
A-7Y with FSY was 0.110 ± 0.001 h−1, 0.057 ± 0.006 h−1, and
0.022 ± 0.007 h−1, respectively (Fig. 4C). The binding affinity
between WT MBP-Z and A-7K, 7H, or 7Y was measured with
biolayer interferometry, which showed slight differences and
a trend opposite to that of kobs (Fig. S7†), suggesting that the
mutation effect on binding affinity was not the main drive of the
kobs difference. A-7H exhibited the fastest SuFEx rate possibly
because the histidine side chain has the lowest pKa and thus the
most efficient deprotonation.

We next incubated 192 mM A and 6 mM MBP-Z(24FSY) in
Tris buffer (pH 8.8) at 37 °C to study the effects of pH on SuFEx
kinetics (Fig. 4D and S8†). A-7K cross-linked with MBP-
Z(24FSY) at pH 8.8 quite fast, so a narrower time range (0 to 5
h) was used to improve the accuracy of measurement. A more
basic pH increased the SuFEx rate for all three residues, but to
varying extents. A-7K cross-linked withMBP-Z(24FSY) about 5-
times faster at pH 8.8 than at pH 7.4; A-7Y was 3.5-fold faster;
A-7H had just a slight rate increase (Fig. 4C). Interestingly,
while A-7H showed the fastest SuFEx kobs rate with FSY at pH
7.4, A-7K had the fastest SuFEx kobs rate at pH 8.8.

We selected the A–Z protein pair to study the pH effect
because the incorporated FSY and its target residue are both at
the surface of the protein complex, making them more
amenable to pH change of the solution. For Uaa-target residue
located in a protein microenvironment that can resist external
pH change, adjusting solution pH may or may not impact the
SuFEx kinetics.
Effects of target mutation on protein SuFEx kinetics

An emerging application of proximity-enabled reactivity is the
development of covalent protein drugs, target of which may
undergo mutation during treatment and disease progression.
Such mutations may alter the binding affinity of the protein
drug and the kinetics of covalent linkage formation between the
protein drug and its target, thus affecting the drug efficacy. We
therefore evaluated the inuence of target protein mutations on
SuFEx kinetics in the protein context.

Utilizing the proximity-enabled SuFEx reaction, we recently
developed covalent nanobodies to neutralize SARS-CoV-2.18 FSY
was incorporated into nanobodies and the resultant nano-
bodies covalently bind with the receptor binding domain (RBD)
of the spike protein of SARS-CoV-2, thus blocking the binding of
SARS-CoV-2 to the human ACE2 receptor, a critical step for
SARS-CoV-2 infection. Various mutated SARS-CoV-2 strains have
emerged in the pandemic. Mutations on the spike RBD such as
Chem. Sci., 2023, 14, 7913–7921 | 7917
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E484K, F490L and N439K have been shown to decrease affinity
towards neutralization antibodies;40–42 The B.1.1.7 lineage,
which mainly possesses N501Y mutation, shows a stronger
interaction with ACE2 and a faster spreading rate;43 The B.1.351
lineage, which has K417N, E484K, and N501Y mutations on the
spike RBD, has decreased affinity towards neutralization anti-
bodies and can lower the effectiveness of current vaccine.44–46 It
is thus important to study the SuFEx kinetics of the covalent
nanobodies with the mutant spike RBD to evaluate the thera-
peutic potential of covalent nanobodies in ghting against
evolving infectious diseases.

On the basis of the structure of the SARS-CoV-2 spike RBD in
complex with nanobody SR4,47 we incorporated FSY into site 57
Fig. 5 Effects of target mutation on SuFEx kinetics in nanobody SR4(57F
assay of the dissociation constant Kd between the WT SR4 nanobody and
SR4(57FSY) with WT or mutant spike RBDs. An anti-Hisx6 antibody was
RBD. (C) The binding and kinetic constants measured between nanobod

7918 | Chem. Sci., 2023, 14, 7913–7921
of nanobody SR4 to target Tyr505 of the spike RBD and
demonstrated that SR4(57FSY) covalently cross-linked with the
wildtype (WT) spike RBD. To assess affinity change caused by
SARS-CoV-2 mutation, we then determined the dissociation
constant (Kd) between the WT SR4 nanobody and the WT or
mutant spike RBD using biolayer interferometry (BLI). As shown
in Fig. 5A, all mutated spike RBDs had decreased affinity toward
the SR4 nanobody. To measure the cross-linking rates between
SR4(57FSY) and various spike RBDs, we next incubated 5 mM
SR4(57FSY) with 0.5 mM different spike RBDs at 37 °C in PBS. At
different time points, an aliquot was extracted and the cross-
linking between SR4(57FSY) and spike RBDs was detected
with western blot.
SY) cross-linking SARS-CoV-2 spike RBDs. (A) Biolayer interferometry
WT or mutant spike RBDs. (B) Western blot analysis of cross-linking of

used to detect the Hisx6 tag appended at the C-terminus of the spike
y SR4(57FSY) and WT or mutant spike RBDs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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SR4(57FSY) was still able to form covalent adducts with all
ve mutant spike RBDs efficiently (Fig. 5B). We quantied the
spike RBD band intensities and calculated the kobs (Fig. 5C). The
results indicate that the SuFEx rate kobs generally decreased
when the binding affinity between SR4(57FSY) and spike RBDs
decreased. One exception is the N501Y mutant spike RBD,
which cross-linked with SR4(57FSY) at a similar rate to the WT
spike RBD. It is worth noting that the inuence of binding
affinity on the SuFEx rate was not necessarily linear. We reason
that the cross-linking rate would also be affected by mutation-
induced protein conformation and microenvironment change
surrounding the FSY-target residue, which warrants further
studies.
Covalent specicity of FSY-incorporated protein

A critical concern for covalent drugs is the reaction specicity,
as off-target covalent reactions could result in toxicity in cells
and in vivo. The covalent reactivity of the proximity-enabled
reaction in proteins entails (1) the specic binding of the
protein drug toward the target and (2) the proper contact of the
latent bioreactive Uaa with a suitable target natural residue of
the bound protein. This dual requirement is expected to safe-
guard the reaction specicity of the protein drug toward its
Fig. 6 Covalent specificity in human serum and stability of the protein
linkage at acidic pH. (A and B) SDS-PAGE (A) and western blot (B)
analyses of 7D12(109FSY) and 7D12(WT) after incubation in 50% human
serum at 37 °C for the indicated time duration. (C) SDS-PAGE analysis
of the stability of the covalent linkage generated between MBP-
Z(24FSY) and Afb-7X by FSY reacting with Lys, His, or Tyr. The cross-
linked protein samples were incubated at different pH (4, 5, and 6) for
24 h followed by SDS-PAGE analysis. The cross-linking efficacy (%) was
quantified as the cross-linking band intensity/[MBP-Z(24FSY) band
intensity + cross-link band intensity]. Error bars represent s.d.; n = 3
independent experiments; ns, not significant.

© 2023 The Author(s). Published by the Royal Society of Chemistry
target. To evaluate the covalent specicity of SuFEx capable
proteins, we tested whether FSY-incorporated protein would
lead to off-target cross-linking of other proteins. Specically, we
incubated 0.5 mg mL−1 7D12(109FSY) in 50% human serum at
37 °C. At different time points, samples were aliquoted and
7D12(109FSY) was pulled down via the C-terminal Hisx6 tag and
then analyzed with SDS-PAGE and western blot to examine if
any off-target proteins were non-specically cross-linked. The
noncovalent WT 7D12 was used as the control.

As shown in Fig. 6A, aside from the 7D12 nanobody band,
several other bands with higher molecular weights were also
observed. However, these bands also showed up in theWT 7D12
control, which is incapable of forming covalent bonds. In
addition, the intensity of these bands did not increase with the
incubation time, which further ruled out that these bands were
derived from covalent cross-linking of 7D12(109FSY). Moreover,
in the western blot in which an anti-Hisx6 antibody was used to
detect the Hisx6 tag appended at the C-terminus of 7D12
(Fig. 6B), these bands were not detectable, further indicating
that they did not contain 7D12(109FSY). A very faint band was
observed in western blot at the position matching the dimer of
7D12, whose intensity was less than 2% of 7D12(109FSY). The
7D12 nanobody has a dimerization tendency, so we suspected
that this faint band was from the 7D12(109FSY) covalent dimer,
formation of which was facilitated by the high temperature
during sample preparation (95 °C and 10 min) for western blot.
Because the intensity of this band also did not increase with the
incubation time, this band could not be from non-specic
cross-linking of 7D12(109FSY) with other serum proteins. In
short, these results indicate that 7D12(109FSY) did not result in
non-specic cross-linking of off-target proteins in human
serum in the time period studied, suggesting high covalent
specicity.
Stability of the protein linkage generated by FSY

Another important practical consideration is the stability of the
covalent protein linkage generated by SuFEx, as the covalent
protein complex may be internalized inside cells and traffic
through the acidic endosomal pathway. We therefore evaluated
the stability of the FSY-generated protein covalent linkages at
acidic pHs. Specically, 0.3 mg mL−1 MBP-Z(24FSY) was incu-
bated with 1 mgmL−1 A-7X (X= K, Y or H) at 37 °C in PBS (pH
7.4) for 12 h to allow cross-linking. Protein samples were then
exchanged into citrate-phosphate buffer with different pH (4, 5,
and 6) and incubated for 24 h to test linkage stability, followed
by SDS-PAGE analysis. As shown in Fig. 6C, compared with pH
7.4, the cross-linking efficacy of MPB-Z(24FSY) with A did not
change aer incubation at pH 4, 5, or 6, which held for all three
linkages generated between FSY and Lys, His, and Tyr, indi-
cating that the FSY-generated covalent protein linkage
remained stable at these acidic pHs for the tested duration.
Conclusions

In summary, the SuFEx kinetics for protein–protein covalent
linkage formation via proximity-enabled reactivity conformed
Chem. Sci., 2023, 14, 7913–7921 | 7919
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with a two-step mechanism involving protein binding followed
by covalent bond formation, showing nonlinear dependence of
protein concentration. This kinetics is different from that of the
biomolecular reaction of small molecules but analogous to that
of covalent small molecules inhibiting target protein. The
reaction rate consistently increased with the protein binding
affinity and chemical reactivity of the functional group. Target
residue identity as well as pH also affected the reaction rate.
Mutations in target protein that decreased binding affinity led
to decreasing SuFEx rate but in a nonlinear manner. The
covalent nanobody based on SuFEx reactivity showed no off-
target cross-linking in human serum, and the SuFEx-
generated covalent protein linkage remained stable at cellular
acidic pHs, suggesting SuFEx suitability for in vivo applications.
These results lled the gap of understanding SuFEx reactivity
and kinetics in the protein–protein context, which will be
invaluable to guide ongoing exploration of SuFEx in proteins in
vivo for basic biological studies and innovative covalent
biotherapeutics.
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