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ABSTRACT: Binding via reversible covalent bond formation presents a novel and powerful mechanism to enhance the potency of
synthetic inhibitors for therapeutically important proteins. Work on this front has yielded the anticancer drug bortezomib as well as
the anti-sickling drug voxelotor. However, rational design of reversible covalent inhibitors remains difficult even when noncovalent
inhibitors are available as a scaffold. Herein we report chemically modified phage libraries, both linear and cyclic, that incorporate
2-acetylphenylboronic acid (APBA) as a warhead to bind lysines via reversible iminoboronate formation. To demonstrate their utility,
these APBA-presenting phage libraries were screened against sortase A of Staphylococcus aureus, as well as the spike protein of
SARS-CoV-2. For both protein targets, peptide ligands were readily identified with single digit micromolar potency and excellent
specificity, enabling live cell sortase inhibition and highly sensitive spike protein detection respectively. Furthermore, our structure-
activity studies unambiguously demonstrate the benefit of the APBA warhead for protein binding. Overall, this contribution shows
for the first time that reversible covalent inhibitors can be developed via phage display for a protein of interest. The phage display

platform should be widely applicable to proteins including those involved in protein-protein interactions.

INTRODUCTION

Peptides are reemerging as an appealing modality of thera-
peutics'? due to their ease of synthesis and low vulnerability to
structural denaturation in comparison to monoclonal antibodies.
On the other hand, peptides have shown advantages over tradi-
tional small molecule drugs in inhibiting protein-protein inter-
actions, which play many important roles in human physiology
and disease.’> An additional appealing aspect of peptide drug
discovery lies in the existence of several high-throughput
screening platforms that allow facile construction and screening
of peptide libraries with easily over a billion unique sequences.*
A prominent example of such screening platforms is phage dis-
play, which presents genetically encoded peptide libraries on
the surface of bacteriophage.’ Since its invention, phage display
of peptide libraries has revealed a number of peptide probes and
inhibitors for various protein targets. However, these peptide
hits often show low to modest potency presumably due to their
structural simplicity: the ribosomal origin of the phage coat pro-
teins limits phage display to linear or simple disulfide-cyclized
peptides with just proteinogenic amino acids. Recently, several
strategies have been developed to allow the incorporation of
nonnatural structural motifs into phage-displayed peptides.®!!
Characterization of these chemically modified phage libraries
has shown exciting promise to deliver potent ligands for chal-
lenging protein targets including those involved in protein-pro-
tein interactions (PPIs).

We and others have been investigating the use of reversi-
ble covalent warheads to improve the potency of synthetic bio-
active molecules.'*'® Specifically, we have reported the use of
2-acetylphenylboronic acid (APBA) to covalently bind amine-
presenting biomolecules (Figure 1A).!7 Under physiologic con-
ditions, APAB reversibly “binds” an amine to give an imino-
boronate conjugate.’®* The covalent binding mechanism

provides —(3-4) kcal/mol of free energy and excellent selectivity
for primary amines. While a couple of recent papers showcase
the benefit of such a covalent binding mechanism towards pro-
tein inhibition,!*?° rational design of protein ligands that incor-
porate the APBA warhead remains challenging. We envision
that screening warhead-bearing peptide libraries can be an effi-
cient way to identify reversible covalent probes and inhibitors
for a protein of interest. To test this hypothesis, we carried out
a comprehensive evaluation of phage-displayed peptide librar-
ies, both linear and cyclic, that incorporate APBA warheads.
Screening of these novel phage libraries yielded potent peptide
ligands for sortase A (SrtA)?! and the SARS-CoV-2 spike pro-
tein,” both engage in protein-protein interactions and have frus-
trated small molecule ligand discovery. Drawing parallel to a
recent report of the Bogyo group,?® which nicely demonstrates
irreversible covalent inhibitor discovery via phage display, our
contribution presents the first example of protein ligand discov-
ery using reversible covalent phage libraries.

RESULTS AND DISCUSSION

Library Design. Recent advances in site-specific protein
modification chemistries have made it possible to modify a
phage library with nonproteinogenic structural motifs, includ-
ing designer side chains'" ?* as well as non-disulfide based
crosslinks.” '® We previously reported an APBA-dimer library
(Figure 1B), in which a pair of APBA motifs were grafted onto
a linear peptide via cysteine conjugation. Although this library
was successfully used in live cell screening to reveal bacterial
probes,'* 2 such reversible covalent phage libraries have not
been examined towards ligand discovery for specific proteins.
To fill this void, we developed several APBA-presenting phage
libraries and evaluated them against a protein ligase and a



prototypical PPI-engaging protein, both known to frustrate
small molecule binding. Specifically, we redesigned the struc-
ture of APBA-IA (Figure 1D), the phage modifier to create
APBA-dimer libraries, with a shorter and less floppy linker that
is entropically favorable for protein ligands. Furthermore, we
synthesized two APBA conjugates with dichloroacetone (DCA)
via an oxime linkage (APBA-1/3, Figure 1D). The DCA-oxime
strategy has been previously used for Cys-Cys crosslinking to
give cyclic peptide libraries (Figure 1C).2¢” Cyclic peptides are
appealing as potential protein ligands because the cyclic scaf-
fold can provide structural rigidity and project the side chains
in desired orientations for target binding. While efficient phage
modification has been demonstrated previously for APBA-IA,
we probed the phage modification efficiency of APBA-1 and
APBA-3 using a DCA-Biotin conjugate as a surrogate cross-
linker. To our satisfaction, DCA-Biotin elicited quantitative
phage biotinylation under our optimized conditions (Figure S1,
S2), while APBA-1 treated phage showed no reaction with
DCA-Biotin, suggesting efficient crosslinking by APBA-1 as
well. Importantly, the infectivity of the phage library was mar-
ginally affected by the chemical modifications (Figure S3).
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Figure 1. Structural illustration of phage libraries displaying
APBA. (A) Ilustration of the covalent binding of amines by
APBA. (B) APBA-dimer library; (C) Cyclic peptide libraries
displaying APBA; (D) Chemical structure of the designed
phage modifiers APBA-IA, APBA-1 and APBA-3.

Discovering reversible covalent inhibitors for sortase A of
Staphylococcus aureus. We chose sortase A (SrtA) as an initial
target protein. SrtA is an important enzyme of the bacterium
Staphylococcus aureus, responsible for anchoring extracellular
proteins onto the bacterial cell wall. SrtA inhibition would elim-
inate the cell wall-anchored virulence factors, thereby reducing
the bacterium’s capability to establish an infection. Further-
more, SrtA inhibition is non-bactericidal and less prone to elicit

resistance mechanisms. These factors collectively make SrtA
inhibition an appealing strategy for developing novel anti-Staph
therapeutics.?! 2 However, it has been challenging to develop
small molecule inhibitors for SrtA due to its rather large and
shallow active site (Figure 2A), a feature shared by many ther-
apeutically important proteases.”’

We recombinantly expressed SrtA with an N-terminal
AviTag, which allows co-translational biotinylation (Figure
S4). The biotinylated SrtA can be readily immobilized on strep-
tavidin-coated magnetic beads, against which phage panning is
carried out. Several peptide-based inhibitors of SrtA have been
documented in literature.?*3! Using these examples as a refer-
ence, we constructed a CXsC library on M 13 phage (Figure 2B),
which is expected to present a good match in size with the
pocket of SrtA. The phage library presents the CXsC peptides
as an N-terminal fusion to the phage minor coat protein, pIIL
To minimize intramolecular APBA-lysine conjugation, we in-
troduced a K10R mutation to the pIII protein that eliminates the
most close-by lysine residue to the CX¢C peptides. Our previ-
ous study showed that the intramolecular conjugation of APBA
with a lysine diminishes when separated by more than nine
amino acids.*? The library quality was assessed by subjecting it
to four rounds of amplification followed by sequencing. The re-
sult showed excellent sequence diversity and absence of any
growth-biased sequences (Table S1). To further characterize
this library, we screened the library against SrtA without any
chemical modifications. Three rounds of panning of the CX¢C
library revealed a highly enriched sequence S1 (Figure 2C and
Table S2). Another clearly enriched peptide S2 presents just a
single point mutation (Ser to Ile) from S1. We synthesized pep-
tide S1 with a fluorophore label (S1_SS*: ACLIPSWGCGGG-
Dap(Fam)) and characterized its SrtA binding affinity viaa flu-
orescence polarization assay: titrating SrtA into the peptide so-
lution at increasing concentrations elicited an increase of fluo-
rescence polarization and curve fitting yielded a K, value of 5.2
puM (Figure 2D). This binding was further validated by a com-
petition assay, in which a non-fluorescently labeled S1_SS was
titrated against a fluorescently labeled SrtA ligand (Figure S5).
The competition assay yielded an ICsy of 26 uM. The slightly
higher ICsy value in comparison to the K, of the peptide suggests
that the fluorescein label may enhance the peptide’s binding to
SrtA to some extent. However, this fluorophore effect should
not prevent us from comparing the relative potencies of differ-
ent peptides.

Next, we subjected the CX4C library to reduction and then
modification with the APBA-IA, DCA, APBA-1 and APBA-3
respectively. The resulting four libraries were screened against
SrtA using similar protocols as described for the CX4C library.
We note that the APBA-bearing libraries did show a signifi-
cantly higher phage retention than the original CX¢C library
(Figure S6), presumably due to nonspecific iminoboronate for-
mation to some extent. To minimize such nonspecific binding,
we adopted a more stringent washing protocol (washing buffer
prepared with 0.5% tween-20 instead of 0.1%). Interestingly, in
comparison to the unmodified library, screening of the DCA
modified library yielded a completely different peptide se-
quence S3, which dominated the output population after three
rounds of panning (Figure 2C and Table S3). The fluorescence
polarization-based binding studies revealed a K, of 22 uM for
this DCA-crosslinked peptide (S3_DCA*, Figure 2D). It is im-
portant to note that the disulfide cyclized S3 (S3_SS*) showed
no binding to SrtA, consistent with the fact that the S3 sequence
did not show up in the final output populations of the



unmodified CXeC library. The peptide sequence S1 did show
up in the output populations of the CXcC_DCA library, albeit
at a lower frequency. Interestingly, the peptide S1_DCA* was
found to bind SrtA with a slightly higher affinity than
S3_DCA* (Figure 2D). These results collectively indicate that
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our phage panning protocol is effective at enriching true peptide
hits for the target protein, although, perhaps not surprisingly,
the extent of enrichment does not rigorously correlate with the
peptides’ affinity for target binding.

Library Peptide CX,C sequence Abundance
S1 CLIPSWGC 712
CX,C
S2 CLLPIWGC 2/12
S3 CPFPPSWC 5/12
CX;C_DCA S1 CLIPSWGC 112
S4 CPFPASWC 1712
CX;C_APBA-3 S4 CPFPASWC 8/12
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Figure 2. Phage display reveals peptide binders of SrtA. (A) Crystal structure of Sortase A in complex with LPETG motif (pdb 1t2w); (B)
Generic structure of the CX6C cyclic peptide libraries with varied crosslinkers. These libraries were screened against SrtA to identify peptide
inhibitors; (C) Enriched peptide sequences from various phage libraries. (D-E) SrtA binding curves of various peptide hits generated using
a fluorescence polarization assay. The asterisk (*) in the peptide names represents a FAM label incorporated to allow fluorescence polariza-
tion measurements. Each data point presents the mean value of three independent measurements. K4 values were extracted via curve fitting

and listed in corresponding plots.

APBA-IA modification of the reduced CX(C library
yielded a linear APBA dimer library (CXsC_APBA-dimer),
while APBA-1 and APBA-3 modification gave two cyclic
APBA-presenting peptide libraries with a slightly different
linker length between the APBA warhead and the cyclic peptide
scaffold. Interestingly, SrtA screening of the APBA-dimer li-
brary as well as the APBA-1 library yielded no clear conver-
gence of the peptide sequences (Table S4 and Table S5). How-
ever, panning of the APBA-3 library against SrtA yielded pep-
tide S4 as a clear winner (Table S6). We note that peptide S4
differs from S3 by just a single Pro-to-Ala mutation (Figure
2C). In fact, similar to S3, S4 was enriched from the
CXsC_DCA library, albeit to a less extent. Consistently, our
binding studies revealed a K, of 16 uM for S4 DCA*, which is
quite similar to that of S3_DCA* (Figure 3A). Excitingly, S4
upon modification with APBA-3 was found to bind SrtA with
significantly improved affinity, yielding a K, value of 2.9 uM
(Figure 2E), which is comparable to the best SrtA binders re-
ported in literature.'>3! For comparison, we synthesized APBA-
3 cyclized S1 and S3 and subjected them to SrtA binding stud-
ies. Interestingly, compared with S4 APBA-3*(K,=2.9 uM),
S3_APBA-3*(K;~12 uM) showed a four-fold reduction in SrtA
binding affinity despite its high sequence similarity, while
S1_APBA-3* (K/~64 uM) exhibited a more dramatic decrease
in its binding affinity, attesting to the uniqueness of the S4 se-
quence in supporting the APBA warhead for SrtA binding.

To probe the postulated role of APBA as a reversible co-
valent warhead, we synthesized two negative control peptides
carrying just the oxime crosslinker (S4_DCAoxime*) or the

oxidized APBA (S4_APBA-3-O%*). SrtA binding studies re-
vealed a K, value of 11 and 12 pM respectively (Figure 3A).
The weaker binding of these two control peptides lends strong
support to the energetic importance of the reversible covalent
binding mechanism of APBA. As an additional control, we syn-
thesized APBA-1 crosslinked S4, which gave a K, of 19 uM for
SrtA binding (Figure 3A). This weakened binding of
S4 APBA-1* is presumably due to its shortened linker that pro-
hibits APBA conjugation to a lysine. To gain insight into which
lysine residue conjugates with the APBA warhead, we per-
formed molecular docking studies with an analogue of
S4 APBA-3, in which -B(OH), group is replaced with -COOH
(Figure 3B). A majority of the high scoring structures placed
the cyclic peptide in the active site of SrtA, which in turn places
the warhead moiety close to K173 or K190 for conjugation. To
experimentally validate this hypothesis, we individually mu-
tated the lysine residues close to the enzyme active site using
site-directed mutagenesis, which gave three single point mu-
tants of SrtA, namely K162A, K173A and K190A. Interest-
ingly, both the K173 A and K190A mutation resulted in signifi-
cant reduction in binding affinity of S4_APBA-3*, while the
K162A mutation minimally affected SrtA binding to the peptide
(Figure 3C). We further resorted to mass spectrometry analysis
to confirm the covalent binding mechanism of our SrtA inhibi-
tors. Unfortunately, the highly dynamic nature of iminoboro-
nate formation made it difficult to trap the APBA-lysine conju-
gate via reduction (Figure S7). To circumvent this issue, we
synthesized an analogue of S4_APBA-3, which installs a salic-
ylaldehyde (SA) as a surrogate warhead of APBA (Figure S8).



SA is known to covalently bind lysines to give an imine adduct
that is amenable to NaBH4 reduction.* The peptide S4 SA
yielded similar SrtA binding affinity with S4_APBA-3 (Figure
S8). When subjected to NaBH4 reduction, the mixture of S4_SA
and SrtA yielded a 1:1 covalent adduct as revealed by mass-
spectrometry (Figure S9). Interestingly, the covalent adduct
was seen with both K173A and K190A mutants (Figure S9),
consistent with the docking and SrtA mutant binding studies,
which suggest S4_APBA-3 could conjugate with either K73 or
K190 (Figure 3C). We further performed trypsin digestion and
peptide mapping experiments (Figure S10-S13), which unam-
biguously revealed the covalent adduct to K190, although the
covalent adduct to K173 was not detected. Collectively, these
results provide strong support to the covalent binding mecha-
nism of S4_APBA-3 as we intended. We note this APBA-based
covalent binder nevertheless exhibit fast equilibrium as seen

from our competition studies (Figure S14), which is expected
for the highly dynamic iminoboronate formation.

To test whether the SrtA binding peptides inhibit its cata-
lytic activity, we subjected the peptide S4 _APBA-3 (no FAM
label) to an enzyme inhibition assay, for which a fluorogenic
substrate (Dabcyl-LPETG-Edans) was used to report the SrtA
activity. As expected, the peptide inhibited the SrtA cleavage of
the fluorogenic substrate in a concentration dependent manner.
Curve fitting yielded an ICsp of 18 uM (Figure S15). We further
tested the SrtA inhibition of S4_APBA-3 against live S. aureus
cells. Pentapeptide LPXTG is a recognition motif, which can be
recognized and ligated to the cell wall by SrtA. As such, the
reactivity of SrtA on live S. aureus cells can be determined with
FAM-labeled peptides containing a LPETG motif (Figure S16).
Indeed, incubating S. aureus cells with a FAM-labeled peptide
substrate resulted in efficient fluorescent labeling of the cells as
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revealed by flow cytometry (Figure S16). Importantly, the mean
fluorescence of cells decreased in a dose-dependent manner
with the addition of S4 APBA-3 (Figure S17), indicating
S4_APBA-3 effectively inhibited the incorporation of FAM-
labeled substrate. Curve fitting yielded an ICsy value of 49 uM
for SrtA inhibition on live S. aureus cells.

Developing reversible covalent probes for SARS-CoV-2
spike protein. Encouraged by the phage panning results against
SrtA, we set out to test the potential of our APBA libraries for
targeting proteins involved in protein-protein interactions. To-
wards this end, we screened the libraries against the receptor
binding domain (RBD) of the SARS-CoV-2 spike protein,
whose interaction with human ACE2 (hACE2) receptor is well
characterized and an important step in coronavirus etiology.**
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Figure 3. Structure-activity relationship (SAR) studies for S4_APBA-3*. (A) Generic structure of S4_APBA-3* and analogues (Top), and
comparison of the SrtA binding affinity of various S4 derivatives generated using a fluorescence polarization assay (Bottom). (B) A docking
structure S4_APBA-3 on SrtA. An analogue of APBA warhead was used for docking in which the -B(OH)2 group is replaced with -COOH.
(C) Binding affinity of peptide S4_APBA-3* to SrtA and Lys-to-Ala mutants.
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Characteristic of difficult-to-inhibit PPIs, the spike RBD binds
to hACE2 through a large interface, involving 21 amino acids
on RBD and 22 amino acids on hACE2 (Figure 4A). Interest-
ingly, in addition to the hACE2 binding site, the spike protein
RBD has been shown to have two additional sites to allow high
affinity binding by peptide ligands (Figure 4A).33-%¢ To target
these protein/peptide binding sites of RBD, we resorted to a
larger peptide scaffold and created a CXoC phage library, which
was then modified with APBA-IA and APBA-3 respectively.
Phage panning against the spike RBD was performed us-
ing the same protocol described for the SrtA screening. Briefly,
a biotinylated SARS-CoV-2 RBD (L452R, E484Q) was ac-
quired from commercial sources and then immobilized on strep-
tavidin beads for screening. Phage clones were randomly
picked from the output population of the fifth round, sequencing



of which revealed successful enrichment of certain peptide se-
quences (Table S7). Specifically, the APBA-dimer library
yielded a panel of peptides that share a DXXLY sequence (Fig-
ure 4C). The CXyoC_APBA-3 library yielded two consensus mo-
tifs: three peptide sequences (R1-R3) showed a Y(F)NXXGE
motif and two others (R4-R5) shared a D(E)APLE segment at
position 4-8 (Figure 4B). To validate the identified hits, we syn-
thesized representative peptides through solid phase peptide
synthesis with a biotin installed onto the C-terminal Dap resi-
due. After purification, the precursor peptides were treated with
either APBA-IA or APBA-3 to afford the desired peptide hits.
The binding affinity of these peptides to RBD were tested using
an ELISA assay (Figure 4D). Briefly, the RBD domain is coated
into the cells of a 96-well plate. After blocking with BSA, a
biotinylated peptide was added into the wells to allow binding
to RBD. After 1 h of incubation, the unbound peptide was
washed away and the bound peptide was quantified using an
HRP-fused streptavidin. Plotting the readout against peptide
concentrations afforded the binding curves (Figure S18), curve
fitting of which yielded the K, values for the RBD binding of
the peptides.

Excitingly, all peptides, both cyclic and linear, were found to
bind RBD with sub to low micromolar affinity (Figure 4B, C).
The APBA-dimer peptides appear to give slightly lower K, val-
ues than the cyclic ones. However, significant binding to the
control wells (no RBD, just BSA coating) was observed for the
APBA-dimer peptides, indicating a lack of specificity (Figure
S19). In contrast, the cyclic peptide hits showed little to no bind-
ing to the control wells, suggesting excellent selectivity of these
peptides for target protein over the BSA control. To gain mech-
anistic insights to the peptides’ binding to RBD, we synthesized
several control peptides to compare with R1_APBA-3*. First,
an APBA-3 crosslinked random CXyC peptide (RO) elicited no
binding to RBD under the same experimental conditions (Fig-
ure S20), highlighting the importance of the peptide sequences
born out of the phage selection. Further, the DCA cyclized R1
peptide (R1_DCA*) gave a K, of 18 pM, which in comparison
to that of R1_APBA-3* (1.2 pM) suggests the critical im-
portance of the APBA warhead. Consistently, the peptide
R1_APBA-3-O% which has the -B(OH), group oxidized to -
OH, gave a K, 0f 23 uM (Figure 4E). The 20-fold erosion of the
peptide’s binding to RBD unambiguously demonstrates the en-
ergetic significance of the APBA warhead for RBD binding.

To confirm the covalent binding mechanism to RBD, we
again resorted to the SA analogue of the peptide hits. Specifi-
cally, R1_SA* was synthesized and found to display similar af-
finity for RBD binding as R1_APBA-3* (Figure S21). The co-
valent adduct of R1_SA* to RBD was successfully trapped by
NaBH4 reduction and the resulting RBD biotinylation was
readily detected in a gel-shift assay, where the biotinylated
RBD appeared as streptavidin complexes (Figure S22). While
the intact RBD failed to be analyzed by mass spectrometry due
to heterogenous glycosylation, we were able to obtain meaning-
ful results from peptide mapping experiments, which unambig-
uously revealed the covalent adduct of R1_SA*to K417 of the
RBD protein (Figure S23-S25). To further corroborate this find-
ing, we performed computational docking studies of
R1_APBA-3, which revealed a pose where the APBA warhead
is placed within the bonding distance with K417 (Figure S26).
Although the detailed structure of this peptide-RBD complex
needs further exploration, our data above clearly establish the
covalent binding mechanism of the R1 peptides and showcase

the magnitude of affinity improvement that the APBA warhead
can afford.
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Figure 4. Phage panning yields potent peptide binders of SARS-
CoV-2 spike protein. (A) Known peptide binding sites of SARS-
CoV-2 RBD (PDB: 6M0J). Highlighted with different colors are
the hACE2 binding site (magenta) as well as the two additional
peptide binding sites recently reported (site 2 in blue and 3 in
green). (B) Sequence alignment of the enriched peptide sequences
from CX9C APBA-3 library. (C) Sequence alignment of the en-
riched peptide sequences from CX9C APBA-dimer library. For (B)
and (C), conserved amino acid residues are highlighted with color.
The number of recurrences seen in our sequencing results as well
the corresponding K« value for RBD binding are listed for each
peptide. (D) Schematic representation of the ELISA assay, in which
RBD was coated on the plate, blocked with BSA, and then treated
with a biotinylated peptide at varied concentrations. After washing,
the bound peptide was quantified using streptavidin-HRP. (E)
Comparison of R1_APBA-3*, R1_DCA* and R1_APBA-3-O for
RBD binding affinity. The K« values and corresponding error bars
values were generated via fitting titration curves of the ELISA as-
say. * indicates biotin labeled peptides.




We further tested whether our peptide hits for RBD could in-
hibit the RBD binding to its cognate receptor hACE2. Towards
this end, we synthesized two cyclic peptide hits, namely
R1_APBA-3 and R5_APBA-3, for which the biotin label is not
included. These two peptide hits were chosen due to their dis-
tinct peptide sequence as well as their superior specificity for
RBD binding over the linear APBA-dimers. To measure the
peptides’ inhibitory activity, the hACE2 protein was coated into
the wells of a plate, and then the biotinylated RBD was added
with a peptide ligand at varied concentrations. The amount of
bound RBD was quantified using streptavidin-HRP. Unfortu-
nately, neither R1_APBA-3 nor RS_APBA-3 showed inhibi-
tory activity in this assay (Figure S27). This lack of inhibition
is nevertheless consistent with the docking structure of
R1_APBA-3, where the bulk of the peptide binds outside of the
RBD-hACE2 interface (Figure 26).

Even though incapable of inhibiting the RBD - hACE?2 inter-
action, the RBD binding peptides may serve as powerful mo-
lecular tools to allow facile detection of the coronavirus spike
protein towards COVID diagnosis. To test this hypothesis, we
tested the potential of our RBD-binding peptide for spike pro-
tein detection in saliva and in serum using flow cytometry as a
readout. Specifically, we immobilized the biotinylated peptide
R1_APBA-3* on streptavidin beads and blocked the beads with
1% BSA at 4°C for overnight. Then to the peptide-coated beads
was added serially diluted Alexa488-labeled spike protein in the
presence of 10% saliva (Figure 5A). Excitingly, the fluoro-
phore-labeled spike protein bound to the peptide-coated beads
in a dose-dependent manner with a K, as low as 222 pg/mL (~
4 pM) (Figure 5B and Figure S28). We attribute this high sen-
sitivity of spike protein capturing to a polyvalent effect: the
spike protein is a symmetric trimer, which can engage a 3-to-3
interaction with bead-immobilized peptide probe. Importantly,
the streptavidin beads without peptide coating elicited no spike
protein binding until much elevated concentrations. Further-
more, we investigated the binding specificity of R1_APBA-3"
to spike protein in the presence of human serum. The result
showed that 1ng/mL spike protein dissolved in 20% human se-
rum also results in strong signal (Figure 5C). Taken together,
the above results indicate that R1_APBA-3 serves as a potent
and specific probe for the spike protein RBD. With the benefit
polyvalent binding, it may enable novel diagnostic devices that
enable detection of the coronavirus spike protein at clinically
relevant concentrations.’
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Figure 5. Detecting the coronavirus spike protein using
R1_APBA-3* coated beads. (A) Schematic illustration of the
use of flow cytometry to detect spike proteins. (B) Dose-de-
pendent binding of the spike protein to R1_APBA-3* immobi-
lized beads. The uncoated beads are used as a negative control.
(C) Peptide enabled spike protein (1ng/mL) detection in blood
serum. The bar graph presents averaged flow cytometry reading
as well as the standard deviations of three independent samples.

CONCLUSIONS

This contribution describes our development and evaluation
of APBA-displaying phage libraries, which we envisioned to be
a generally applicable platform for reversible covalent ligand
discovery for proteins of interest. APBA represents 2-
acetylphenylboronic acid, which has recently emerged as a
powerful amine-targeting warhead that can facilitate protein
binding through reversible iminoboronate formation. While ra-
tional design of reversible covalent inhibitors using this war-
head remains challenging, we demonstrate herein that the
APBA warhead can be readily installed onto the surface of bac-
teriophage to give linear and cyclic peptide libraries, screening
of which enables facile identification of reversible covalent lig-
ands. The practicality of this approach was demonstrated by de-
veloping reversible covalent ligands for the S. aureus sortase A
(SrtA) as well as the coronavirus spike protein, both are consid-
ered difficult-to-target proteins due to the lack of deep pockets
for binding synthetic molecules. Our phage display approach
readily yielded single digit micromolar binders for both pro-
teins. Importantly, the peptide hits that we characterized were
found to show excellent target specificity, leading to retained
activity in complex biological systems as seen in SrtA inhibi-
tion on live cells as well as in spike protein detection in saliva
or serum. SrtA and the spike RBD represents two distinct clas-
ses of proteins engaging protein-protein interactions, with SrtA
displaying a large and shallow pocket for protein substrate
recognition, while the spike RBD displays no discernable
pocket at all. The success for these two initial targets suggests




the general applicability of this approach to a wide range of pro-
teins.

It is worth noting that parallel screens of phage libraries
with and without a warhead revealed distinct peptide sequences
that best support the warhead for target binding. The peptide
sequence variations are difficult to predict a priori, showcasing
the power of phage selection in evaluating chemically modified
peptide libraries. On the other hand, it is important to note that
our carefully designed structure-activity studies of select pep-
tide hits revealed the benefit as well as some potential limitation
of the APBA warheads towards binding proteins. By comparing
the peptide hits to their oxidized analogues (APBA-3 vs APBA-
3-0), we show that the covalent binding (iminoboronate for-
mation) can improve the peptides’ affinity by 4 to 20 folds,
which is consistent with the free energy gain of 3-4 kcal/mol
revealed from small molecule studies. Spike protein RBD bind-
ing studies of the APBA-dimer peptides revealed a poor target
specificity as the APBA-dimers showed substantial binding to
BSA as well. This erosion of target specificity of the APBA di-
mers may be because the postulated double covalent bond for-
mation gave too strong a force that applied to all proteins.

Finally, we note that our work presents the first examples
of phage libraries that carry reversible covalent warheads. A
very recent publication’® by Bogyo and coworkers reports
phage displayed peptide libraries that carry irreversible cova-
lent warheads that target catalytic cysteines or serines. The
phage libraries described herein differ in the reversible nature
of the APBA warhead and also in the fact that the covalent bind-
ing is no longer limited to just catalytic residues. Finally, we
note that the phage library construction and screening should be
readily adaptable to include other reversible covalent warheads
and to identify inhibitors for essentially any protein of interest.
Work along these lines are currently underway in our labora-
tory.
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