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We report aqueous, site-selective modification of proteins using a
reactive peptide interface comprising a nine-residue sequence. This
interface is the fastest (second-order rate constant of 152 M~ s7%)
catalyst-free, cysteine-based method for modifying proteins available
to date, and enables near-quantitative labeling of antibodies in cell
lysate.

Bioconjugation chemistry enables the development of new
therapeutics,"” biomaterials,>* and probes for the exploration
of complex biological processes.” The site-selective modifica-
tion of proteins, however, is challenging due to the chemical
complexity of biomolecules and necessity for aqueous environ-
ments. Site-selective bioconjugation methods have been devel-
oped to address this challenge, some of which include
unnatural amino acid incorporation into proteins,®® fusion
of engineered, self-modifying enzymes,'®"" ligand-directed protein
modification,"*™* and peptide tag-based modification.**°
Peptide tags constitute a powerful approach to protein modifi-
cation given that they are (1) small in size, making them less likely
to perturb protein structure and function, and (2) usually composed
of canonical amino acids, making them easier to genetically
encode. The use of peptide sequences that accomplish otherwise
sluggish reactions in water has been prevalent in the literature in
this past decade.'”* It is often hypothesized that the driving force
for these reactions is the peptide’s unique sequence. This sequence
could afford improved reaction rates through enhanced nucleo-
philicity of the reactive residue arising from side-chain interactions
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and/or interactions between the peptide and the electrophile.
Synthetic peptide libraries can be used to rapidly develop sequences
that facilitate site-selective bionconjugations.”’>* Screening such
libraries has led to the discovery of peptides that react preferentially
with a specific electrophile.

Cysteine is commonly leveraged as the reactive residue in peptide
tags due to its inherent nucleophilicity. Various Cys-containing
peptides have been developed that react with electrophiles such as
p-(chloromethyl)benzamide," 2-cyanobenzothiazole,'® aza-dibenzo-
cyclooctynes,"” and perfluoro-aromatics (Fig. 1a)."*° To date, the
fastest of these catalyst-free Cys tags is a 29-residue peptide that
exhibits a second-order rate constant (k) of 25.8 + 1.8 M ' s " when
reacting with pentafluoro-phenyl sulfide (PS).>° Nonetheless, a rapid
(k >100 M™* s ") system capable of site-selective protein labeling
that contains a short (< 10-mer) sequence, requires no catalyst and
consists of exclusively canonical residues is not yet available.

To address these challenges, we developed a matched peptide
pair termed the reactive peptide interface (RPI). This interface
consists of two peptides: a nucleophilic, Cys-containing peptide
(1) and an electrophilic, perfluoroarylated peptide (2, Fig. 1b).
The unique sequences of these peptides enhance the reaction
rate of a nucleophilic aromatic substitution reaction between 1
and 2. Our system contains an optimized electrophilic peptide
that enhances the electrophilicity of its perfluoroarene and
improves its solubility in aqueous buffers, in contrast to other
water-insoluble electrophiles. In addition, potential favorable
non-covalent interactions between these two peptides could
facilitate the rapid reaction rate and the site-selectivity of the
system through molecular recognition. This peptide interface,
discovered through peptide library screening, allows for rapid
Cys arylation with a k = 152 & 3 M~ ' s™". This RPI enabled the
site-selective modification of a miniprotein and an antibody in
cell lysate.

The RPI was discovered through iterative generations of synthetic
peptide library screening. A one-bead-one-compound combinatorial
peptide library was prepared via split-pool synthesis. This library was
reacted on-bead with a biotinylated electrophilic peptide containing
a decafluorobiphenyl (DB) moiety (S1, see Fig. S1 and Table S2,
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Fig. 1 The Reactive peptide interface (RPI) undergoes rapid Cys arylation
with perfluoroaryl electrophiles. (a) Previous work has focused on modulating
the reactivity of a Cys-containing peptide by screening approaches. (b) This
work focuses on the RPI, composed of a Cys-containing, nucleophilic
peptide (1) and a perfluoroaryl-containing, electrophilic peptide (2). Conditions
in (b): 10 uM 1, 50 uM 2, 0.2 M sodium phosphate, 20 mM TCEP, pH 8, 37 °C.

ESIT). Subsequent streptavidin-allophycocyanin staining allowed for
isolation of hits on-bead via fluorescence-activated bead sorting. The
hit peptides were cleaved from the beads, and analyzed via liquid
chromatography-tandem mass spectrometry for de novo sequencing
(Fig. S1a, ESI)."®*>?° The nucleophilic peptide library was designed
so that Cys was fixed at the second position, with variable residues
in positions 1 and 3 through 9. The variable residues had
16 possibilities: all 20 canonical amino acids except Cys, Ile, Asn,
Arg and Glu (Fig. S1b, ESIt). This was done to control the library size
for effective screening, to minimize redundant side-chain groups,
and to eliminate isobaric residues. An additional constant region
(Gly-Leu-Leu-Lys-Gly-Arg-Arg) was incorporated at the C-termini of
all library members to ensure chromatographic resolution of the
peptides.

Nucleophilic peptide 1 was developed across three generations of
library screening. In the first two generations of nucleophilic
peptides, hits 4 and 5 were reacted with 6, with a k of 0.50 £+ 0.02
and 2.5 + 0.1 M "' 57, respectively (Fig. Sic, S5 and S6, ESIT).
Peptide 6 was chosen as the electrophilic partner, as this sequence
was previously utilized in our group.'®*”® Three generations of
library screening led to 1 with RPI sequence “Met-Cys-Pro-Phe-Leu-
Pro-Val-Val-Tyr”, or “MCPFLPVVY”. Peptide 1 reacted with 6 with a
k=734 04 M "' s (Fig. S7, ESIt). A glycine-scan analysis of
6 revealed sequence-dependent reactivity with the n-clamp peptide
(Fig. S3, ESIt), a previous Cys peptide tag discovered in our group.'®
We hypothesized that the sequence in the electrophilic peptide
could accelerate the reaction rate by (1) modulating the reactivity of
the perfluoroaryl electrophile and/or (2) facilitating non-covalent
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Fig. 2 Sequence-reactivity studies give insight into the RPI mechanism of
action. (a) Reaction scheme for nucleophilic and electrophilic peptide
reactions in (c) and list of peptides for peptide library screening and
reactions in (b and c). (b) Relative contribution of 1 and 2 to the RPI's rate
constant. (c) Conversion (%) of 1 variants reacting with 2.

interactions between the nucleophilic and electrophilic peptides.
Optimization of the electrophilic peptide component of the RPI was
also performed through library screening. A DB-installed electro-
philic peptide library (Fig. S1ib, ESIT) was screened, resulting in the
discovery of 7. Peptide 7 reacts with 1 withak=20+2M 's ' a
2.7-fold improvement from the previous step (Fig. S8, ESIt).

Peptide 1 serendipitously homodimerized. We hypothesized
that 1 and non-perfluorarylated 7 (S2, free thiol) would dimerize
in the presence of DB. The sole product of this transformation,
however, was the homodimer of 1 (Fig. S9, ESIt). Incorporating
DB into this peptide (8), the reaction between 1 and 8 was found
to display k = 87 + 5 M~ " s, a 4.3-fold improvement from the
previous step (Fig. S10, ESIt).

The final stage of interface optimization consisted in optimizing
the electrophile from DB to PS. The added sulfide functionality in
PS is hypothesized to stabilize the Meisenheimer complex, thereby
accelerating the reaction rate.® Peptide 1 reacts with 2 with a
k=152 + 3 M ' s, a 1.7-fold improvement from the previous
step, and a 20.8-fold increase over the reaction between 1 and 8
(Fig. S11 and S12, ESIt). We refer to the reaction between 1 and 2 as
the reactive peptide interface (RPI).

Sequence-reactivity studies were employed to elucidate the
individual contributions of both components of the RPI to the
reaction rate (Fig. 2a). To this end, we reacted Gly variants of
1 with 2 (1-Gly, 2-Gly) wherein the RPI residues were all
substituted to glycine, except for Cys (Fig. 2b). Nucleophilic
peptide 1-Gly reacts with 2 with a k = 0.007 + 0.001 M 's ', a
21700-fold decrease from the optimized reaction rate. The
reaction between 1 and electrophilic peptide 2-Gly exhibited a
k=29 + 02 M s' constituting a 52-fold rate decrease
(Fig. S13 and S14, ESIf). Under similar conditions, no product
formation was observed between 1-Gly and 2-Gly after 72 h
(Fig. S15, ESIT). Our results suggest that the peptide sequences

This journal is © The Royal Society of Chemistry 2021
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of both 1 and 2 are critical for the RPI’s rapid reaction rate,
with nucleophile 1 having a greater contribution than electro-
phile 2.

The importance of each residue in the RPI peptides was
elucidated through Gly-variant studies. Gly-variants of 1 were
reacted with 2. Individual substitution of each RPI residue in 1
led to decreased reactivity with 2 compared to the optimized
system (Fig. 2c). Substituting Pro-3 for Gly (1-P3G) results in
the lowest conversion to product. A similar trend is seen when
Pro-3 and/or Pro-6 are substituted for p-Pro. The RPI positional
variants were also tested. The nucleophilic RPI sequence was
incorporated at the N-terminus, C-terminus (1-C), and internal
position (1-Int) of a model peptide. While the highest conver-
sion was observed for reactions of the N-terminal RPI peptide
(=99%), tagging of the 1-C (43%) and 1-Int (57%) are also
possible (Fig. 2c¢).

The unique structure of peptide 1 results in the pK, depres-
sion of its Cys thiol, presumably caused by the local micro-
environment of this peptide. The pK, of the Cys thiol of a
control peptide (S3) was determined to be 8.3 £ 0.1."®?” The
PK, of 1 was determined to be 6.8 £+ 0.1 (Fig. 3a and Fig. 541,
ESIT), 1.5 units lower than control. Although pK, depression
appears to be a large contributor to the increased reaction rate,
we hypothesize that molecular recognition of 1 and 2 could also
be playing a role. First, the RPI sequence appears prone to
homodimerization (Fig. S9, ESIt), and noncovalent interactions
may explain this phenomenon. Second, both components of
the RPI are essential to achieve the rapid rate, as demonstrated
by the Gly-variant studies above.

Peptide 1 preferentially reacted with DB and PS, while 1-Gly
did not react with these electrophiles under the experimental
conditions (Fig. S44, ESIT). Despite having a lower pK,, 1 does
not show a higher conversion for all electrophiles surveyed,
pointing to possible molecular recognition events between 1
and the incoming DB or PS perfluoroaryl electrophile.
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A mechanistic model of the RPI is presented in Fig. 3b.
Similar to reported precedent,”” we hypothesize that Pro-3
adopts a trans conformation that provides rigidity to the
sequence. In particular, this conformation may stabilize the
interactions of the Phe residue with (1) the Cys residue,
depressing its pK,,"®*”*® and with (2) the perfluoroarene of
2.2728:3073¢ Additional non-covalent interactions between 1 and
2 are hypothesized, such as hydrogen bonding and hydropho-
bic interactions. The exact nature of these interactions is
currently under further investigation.

We applied the RPI to site-specifically modify protein
biomolecules such as a miniprotein and an antibody. The RPI
sequence and a free Cys were incorporated at the N- and
C-termini, respectively, of a minimized, 33-residue Z domain
of protein A (Z33), resulting in 9 (Fig. 3c).*” Then, 9 was reacted
with 2 to assess site-selectivity at the RPI versus the C-terminal
free Cys. Only one modification was observed, with the RPI Cys
site-selectively labeled with 2 to produce 10 in near quantitative
yield after 1.5 h. No single-labeled C-terminal Cys (S4) or
doubly-labeled side-products (S5) were observed (Fig. 3d). We
have yet to understand if the peak shape corresponding to 10 in
Fig. 3d is due to the chromatography conditions used or the
molecular features of the product. The RPI sequence was
incorporated at the C-terminal of the heavy chains of trastuzu-
mab (RPI-trastuzumab, 11), a humanized recombinant mono-
clonal antibody that binds to the human epidermal growth
factor receptor 2 (HER2) cell membrane receptor. Reaction
of 11 with a biotinylated 2 (S6) resulted in conversion to
the homogeneous 12 in near-quantitative yield after 1.5 h
(Fig. 3e and Fig. S42a, ESIT). 12 retained affinity to HER2 receptors
(dissociation constant, Kg = 5.4 £ 0.2 nM) in an Octet binding
assay (Fig. S42b, ESIT). In addition, flow cytometry studies showed
that 12 binds to HER2-positive BT474 cells (Fig. S42c, ESIT). These
results emphasize the practical utility of our new RPI in obtaining
homogeneous bioconjugates rapidly and efficiently.

\
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Fig. 3 Non-covalent interactions and pK, depression contribute to RPI rate enhancement, allowing for site-selective bioconjugation on a miniprotein
and an antibody. (a) Comparison of the Cys thiol pK, of peptide 1 with that of a control peptide (S3). (b) Proposed RPI mechanism of action. (c) 9 reacts
site-selectively with 2 at the RPI Cys to produce 10 in 92% yield after 90 min. (d) Total-ion count chromatograms and deconvoluted mass spectra show
single modification of 9 to produce 10. a: obs. 5258.0., calc. 5258.6; b = obs. 7432.3., calc. 7432.6. (e) Site-selective bioconjugation at the RPI cysteine
sites of a doubly C-terminal RPI-tagged trastuzumab antibody (11) with biotinylated 2 (S6) results in homogenous 12 in near-quantitative yield after
90 min. 11 contains multiple free cysteines due to reducing reaction conditions. (f) Streptavidin western blot shows selective labeling of 11 heavy chains
with $6 in Hela cell lysate (1 mg mL™?). Reaction conditions were the same as in (e) plus the lysate.
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Finally, we investigated the ability of the RPI to afford
substrate selectivity in a complex cell environment with numerous
competing functionalities. To this end, we employed the RPI to
selectively label 11 with S6 in HeLa cell lysate. A streptavidin
western blot analysis of the reaction mixture showed exclusive
and quantitative labeling of the heavy chains of 11 after 1.5 h
(Fig. 3f and Fig. S43, ESI{). This result indicates that the RPI can
be used as an efficient strategy to site-selectively label proteins in
biological milieu, despite an abundance of Cys thiols and other
nucleophiles available for reaction. This method could also allow
for specific capture and subsequent pulldown of RPI sequence-
tagged proteins in cell lysates.

A reactive peptide interface was developed that undergoes
catalyst-free Cys arylation at a rapid rate (k=152 =3 M ' s ")
with entirely canonical amino acids on the nucleophilic peptide.
This feature allowed the site-selective labeling of two proteins
containing additional free cysteines under mild conditions. In
addition, RPI-tagged trastuzumab was selectively labeled in the
complex environment of a cell lysate. Based on these results, the
RPI contributes to the development of the next-generation tool-
box of bioconjugation reactions. Future studies aim to decipher
how the molecular features of the RPI peptides affect the
reaction parameters in order to further enhance the sequence
reactivity and to implement this platform for selective protein
labeling at cell surfaces.
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