Lysine-Targeting Reversible Covalent Inhibitors with Long Resi-
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ABSTRACT: We report a new reversible lysine conjugation that features a novel diazaborine product and much slowed dissociation
kinetics in comparison to the previously known iminoboronate chemistry. Incorporating the diazaborine-forming warhead RMR1 to
a peptide ligand gives potent and long-acting reversible covalent inhibitors of the staphylococcal sortase. The efficacy of sortase
inhibition is demonstrated via biochemical and cell-based assays. A comparative study of RMR1 and an iminoboronate-forming
warhead highlights the significance and potential of modulating bond dissociation kinetics in achieving long-acting reversible cova-

lent inhibitors.

There has been an increasing interest in developing reversi-
ble covalent inhibitors!- as the reversibility can minimize off-
target reactions and also avoid permanent modification of the
target proteins.! Conceptually, a reversible covalent inhibitor
first binds its target through noncovalent interactions, and then
the warhead forges a covalent bond to enhance binding and in-
hibition (Figure 1a).To minimize off-target reactions, it is de-
sirable for the warhead to have a modest on-rate and fast off-
rate (high k) so that inadvertent off-target conjugations can be
quickly reversed. This combination, however, would lead to re-
duced potency (higher K, (=kop/kon)). In other words, we wish to
have low off-rate to maximize the thermodynamic benefit of the
warhead. Furthermore, a low off-rate is also desirable to achieve
long-lasting inhibition. These paradoxical considerations high-
light the necessity of optimizing the kinetics of reversible cova-
lent warheads. An elegant example of such endeavors comes
from the work of Taunton and coworkers, which demonstrates
that a slow dissociating warhead can give highly potent and
long-acting inhibitors of important kinases.*”’

Only a handful of papers describe lysine-reactive reversible
covalent inhibitors.3!° Essentially all reported work is based on
some variant of the imine chemistry as exemplified by the anti-
sickling drug voxelotor.® A recent development ushers in the
iminoboronate chemistry,!! which gives imines of improved
stability due to N-B coordination (Figure 1b). The iminoboro-
nate formation elicited by 2-FPBA/APBA has shown promise
in lysine-targeted molecular probes'>!* and inhibitors.> ' In our
continued search for novel reversible lysine-conjugation chem-
istries (Figure 1c), we were inspired by the diazaborine for-
mation of hydrazides, which were recently developed as ultra-
fast bioorthogonal conjugations.'>!” Diazaborines and related
B-N heterocycles have also been explored as enzyme inhibi-
tors'®1? and as reversible linkers for drug
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Figure 1. Reversible covalent drugs: design considerations (a) and
suitable chemistries for targeting lysines (b, c)

delivery to cancer cells.?

While some diazaborines exhibit a flat aromatic structure,
others display a hydrated boron with a nonplanar tetrahedral ge-
ometry (Figure 2a). These hydrated diazaborines are known to
undergo quick hydrolysis.!®*! We postulated that a lysine side
chain amine, analogous to the hydrazides, could be induced to
undergo reversible conjugation to give hydrolysis-prone di-
azaborines. Towards this end, we designed a new warhead
RMR1 (Figure 2b), a benzaldehyde derivative that installs an
ortho-aminomethyl phenyl boronic acid (AMPB) moiety. As a
result of N-B
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Figure 2. Reversible formation of diazaborines. (a) Previously reported diazaborine structures with (left) and without (right) reversibility.
(b) A postulated reaction cascade for RMR1-amine conjugation to give a hydrated diazaborine.(c) "H-NMR spectra showcasing the
conjugation of RMRI to lysine and 2-methoxyethylamine. Samples were prepared in a PBS buffer containing 40% DMSO for solubility.

(d) Crystal structure of the RMR1-MEA conjugate.

coordination, AMPB adopts a closed conformation in neutral
aqueous media,? in which the boron center is brought close to
the aldehyde to facilitate RMR1 conjugation with a lysine. This
proposed reaction cascade (supported by DFT calculations, Fig-
ure S1) yields a hydrated diazaborine, although a different re-
gioisomer from those shown in Figure 2a.

The details of RMR1 synthesis are given in the SI (Scheme
S1-S2). Excitingly, when mixed with equimolar concentrations
of 2-methoxyethylamine (MEA) or lysine (10 mM reactant, pH
7.4), the aldehyde peak (~9.9 ppm) of RMR1 dropped in inten-
sity and a new singlet characteristic of aldimine was observed
at 8.5 ppm (Figure 2c¢). The diazaborine formation was con-
firmed by X-ray crystallography. While the lysine conjugate
failed to crystalize, we were able to crystalize the RMR1-MEA
conjugate from a water-methanol mixture. The crystal structure
(Figure 2d) revealed a B-N heterocyclic core with a tetrahedral
boron, which was consistently supported by ''B-NMR and mass
spectrometry analyses (Figure S4, S11). The RMR1 induced
diazaborine formation was further investigated via comparison
to two control molecules, RMR2 and RMR3 (Figure S5-S6).
Neither control molecule afforded any conjugation with lysine.
Interestingly, the RMR1 induced diazaborine formation appears

to be sensitive to steric hindrance as minimal (<2%) conjuga-
tion was observed with the a-amine of lysine (Figure S7-S8).

The reversibility of the diazaborine conjugation was con-
firmed via a dilution experiment. A 10 mM mixture of RMR1
and lysine was incubated overnight, and then diluted 20 times
(Figure 3a). The 'H-NMR data show that the RMR1-lysine
conjugate dropped from 50% to 13% over time, confirming the
autonomous reversibility of the conjugation. We then deter-
mined the thermodynamic and kinetic parameters of RMR1-
amine conjugation via a set of UV-vis experiments. First, we
measured the apparent Ky values for RMR1 binding lysine,
MEA and a glycine amide respectively (Figure 3b, ¢). All three
amines gave a comparable Ky around 1 mM (Figure 3e, S13).
The dissociation rate of the diazaborines was determined by di-
luting a 10 mM solution to 50 uM and monitoring the relaxation
kinetics using UV-vis spectroscopy (Figure 3d, S14). As the
diluted concentration is much below the K4 values, the relaxa-
tion kinetics should be dictated by the dissociation rate. Expo-
nential curve fitting gives comparable dissociation rate con-
stants (k1) for the three amines with a value of 2.6x107 s™! for
lysine (Figure 3e). The slow dissociation of the diazaborines
was further corroborated by 'H-NMR analysis of diluted sam-
ples (Figure S15-S16). With the K4
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Figure 3. Thermodynamic and kinetic characterizations of the RMR1-mediated diazaborine formation. (a) A dilution experiment
demonstrating the reversibility of RMR1-lysine conjugation. (b) UV-vis absorption changes of RMR1 upon lysine conjugation. (c) A titration
experiment revealing the K4 value of RMR1-lysine conjugation. (d) Dissociation kinetics of the diazaborine conjugate of RMR1 and lysine.
(e) Tabulated thermodynamic and kinetic parameters of RMR1 conjugation with small molecule amines.

and k., values, we estimated the forward reaction rate of the
RMR -lysine conjugation to be 2.1x102 M's"!. In comparison
to the iminoboronate formation, which shows instantaneous
equilibrium (Figure S14, S17),2!:* the RMR 1-lysine conjuga-
tion exhibits slower kinetics but more favorable thermodynamic
profile. This is confirmed by a competition experiment (Figure
S9-S10), in which the iminoboronate conjugates of lysine
slowly exchanged with RMRI1 to give the diazaborine as the
predominant end product.

The distinct kinetic profiles of the two reversible lysine
conjugations present an opportunity to compare the fast and
slow dissociating warheads towards developing lysine-targeted
reversible covalent inhibitors. Towards this end, we resorted to
an important enzyme of Staphylococcus aureus, sortase A
(SrtA) as a model system. SrtA is an appealing anti-Staph target
as SrtA inhibition is not bactericidal and hence does not force
the acquisition of resistance mechanisms.?** Through phage
display, we identified a cyclic peptide W7 that binds SrtA with
low micromolar potency (Figure 4a, S21). Computational
docking indicates that W7 binds to the SrtA active site with the
N-terminus and C-terminus projected away from the protein
and potentially suitable for warhead incorporation (Figure S22-
S23).

For peptide conjugation, we synthesized a -COOH deriva-
tive of RMR1 and 2-APBA respectively (Scheme S5-S10). We
did not explicitly study 2-FPBA due to its similarity to 2-APBA
in iminoboronate formation (Figure S9-S10). These -COOH
derivatives were either conjugated directly to the W7 N-termi-
nus or to the C-terminus via an orthogonally protected dia-
minopropionic acid (Dap) residue (Figure 4b). The resulting
peptides were assessed for SrtA binding through a fluorescence
polarization-based competition assay, in which a fluorophore

labeled W7 (W7-F) was used as a reporter. Fitting the titration
curves yielded the ICsy values (Figure 4¢, S24), which can be
approximated as K;’s as the reporter peptide was used at much
lower concentrations (0.2 pM). Interestingly, RMR1 installed
on the C-terminus was found to undergo slow intramolecular
conjugation with the N-terminal amine (Figure S25), and
hence, the peptide P5 was N-acetylated to avoid cyclization
(Figure S26). Comparative studies of W7 and P3 shows that N-
acetylation has little effect on their SrtA binding potencies (Fig-
ure S27).

The unmodified W7 (no warhead) gave an ICsy of 17 uM.
Installing Dap(APBA) onto the C-terminus with a single gly-
cine spacer (P1) diminished the SrtA-binding potency to 50 pM.
Interestingly, extending the spacer length regained the potency,
yielding an ICsy of 12.5 and 4.6 uM for P2 and P3 respectively.
The control peptide P4 afforded a 15-fold higher ICs, than P3,
highlighting the importance of the APBA warhead. Replacing
the APBA warhead with RMR1 (P5) gave even greater potency
with an ICso of 1.3 pM. Remarkably, P5 is 18 times more potent
than the control peptide P6, which incorporates RMR3 as a non-
reactive RMR1 analogue. Conjugating APBA or RMRI1 onto
the N-terminus of W7 significantly improves the peptide’s
binding to SrtA as well, yielding an ICs of 4.5 and 3.8 uM for
P7 and P8 respectively. Finally, the postulated covalent binding
of P5 to SrtA was confirmed by LC-MS (Figure S28). To pin-
point the site of conjugation, we performed peptide mapping
experiments, in which the SrtA-P5 conjugate was subjected to
trypsin digestion and then LC-MS analysis (Figure S29). The
results allowed identification of K173 as the conjugation site for
PS5, consistent with the fact that K173 exhibits the shortest dis-
tance to the peptide’s C-terminus as seen in the results of the
docking studies (Figure S23).



o Lys ez o
~

<€) | Peptide Peptide Sequence 1Cso (M)

)
H\/ﬁl\ "
0. IN NH p—

v o 2N : w7 ACLIPTWGGC 17.02 0.3

# HN’\n’N\)LN a WT-
o H Linear AC’LIPTWGGC* >250

.

"’(go 5’5 H NHZ

NH w7 N

Lys 196

y Lys 190
’/7(./ > 1 /‘

| —
ACLIPTWGGCGDap(APBA)

P1 50.3%1.0
o : I ———
i oo i P2 ACLIPTWGGCGGDap({APBA) 125+ 0.9
HO [+ H HN 0 | 1
i P3 ACLIPTWGGCGGGDap(APBA) 46102
N | ——
. 6 P4 ACLIPTWGGCGGGDap{alloc)  66.6+0.8 L
£ P3
PS'  ACLIPTWGGCGGGDap(RMR1}  1.330.2 B s
H H — & .
o OH HO._OH P& ACLIPTWGGCGGGDap(RMR3) 23.7+0.8 § =
H
\ Foom i Py PT APBA-GGGAGLIPTWGGC 45103 o -
R= P3) u (P5) N (P6) g
[ P8 RMR1-GGGACLIPTWGGC 3.840.2 IR
o o
APBA RMR1 RMR3

Figure 4. Reversible covalent inhibition of SrtA. (a) SrtA structure with docked W7 (PDB: 1t2w). The peptide’s termini and the proximal
lysine residues are labeled with the lysine g-amines colored blue. K173 (in light blue shade) was found to be the conjugation site for P5. (b)
Chemical structure of W7 and the warheads for its modification. (c) ICso values of various peptides measured through competition against
W7-F. C* represent iodoacetamide-alkylated cysteines. ¥*P5 was N-acetylated to prevent RMR1 conjugation with the N-terminus. (d, €) SrtA

binding kinetics of P3 and P5 recorded via a competition assay using W7-F as a fluorescence reporter.

Kinetic characterization of the P5-SrtA binding (Figure 4d)
yielded a k,, of 6.3 M s’} which is ~300 times faster than the
RMR1-lysine conjugation. The k,;y was determined to be
8.2x10° 571, 4 times slower than the RMR 1-lysine conjugation.
The faster on-rate and slower off-rate are expected for the co-
operative action between the covalent warhead and the W7 pep-
tide that binds SrtA noncovalently. In contrast to PS5, the P3-
SrtA binding reached equilibrium instantaneously (Figure 4e),
consistent with the rapid kinetics of iminoboronate for-
mation.'!!

GSLPETGGS) was mixed with S. aureus in LB media with or
without a peptide inhibitor (Figure 5a). The SrtA-mediated
bacterial labeling was assessed using fluorescence microscopy
and flow cytometry. Without an inhibitor, the bacterial cells ex-
hibited strong fluorescence staining after incubation with the
SrtA substrate (Figure 5b) The peptide inhibitors inhibited
SrtA-mediated fluorescence labeling of the cells in a concentra-
tion-dependent manner (Figure 5c¢). Curve fitting yielded an
ICso of 10.7 uM for W7, which is on par with the ICso deter-
mined from enzyme binding studies. Also consistent with the
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Figure 5. SrtA inhibition on live S. aureus cells. (a) Schematic representation of SrtA-mediated fluorescence labeling of S. aureus cells. (b)
Fluorescence microscopy images showing SrtA inhibition by peptide P5 on live cells, leading to diminished cell staining. P5 concentration,
250 pM; Scale bar, 10 pm. (c) Concentration profiles of W7, P3 and PS5 for SrtA inhibition showing the enhanced potency resulting from
the reversible covalent warheads. (d) Comparative studies showing that, after washing out the unbound inhibitors, the covalently bound P5
sustained SrtA inhibition over the time course of 6 hours. In contrast, marginal inhibition was observed for W7 and P3 under the same
experimental conditions.

We further tested the peptides for SrtA inhibition on live S.
aureus cells. A fluorescently labeled SrtA substrate (FAM-

earlier results, both P3 and P5 exhibited higher potency of inhi-
bition, yielding ICso of 3.7 and 2.9 pM respectively.



Although a similar ICso was observed for P3 and P5 in our
SrtA inhibition assay, we reasoned that the slow dissociation of
P5 could afford kinetic benefit, which manifests as longer resi-
dence time in the enzyme leading to long-lasting inhibition. To
test this hypothesis, we treated the S. aureus cells with P5 and
then the unbound inhibitor was washed away before the fluo-
rescent SrtA substrate was added. The S. aureus cells were sub-
jected to flow cytometry analysis after 6 hours of incubation.
The results (Figure Sd) show that, even with washing, P5 effi-
ciently inhibited the SrtA-mediated fluorescence labeling of S.
aureus. In sharp contrast, W7 and P3 only elicited marginal re-
duction of the fluorescence of the cells. These results nicely
demonstrate the long-lasting SrtA inhibition by PS5, which pre-
sumably results from its slow dissociation kinetics.

In summary, this contribution reports a novel lysine con-
jugation chemistry, in which a warhead RMR1 reversibly con-
jugates with lysines to give a hydrated diazaborine. In contrast
to the iminoboronate chemistry, a known lysine conjugation
with fast dissociation kinetics, the RMR1-induced lysine con-
jugation shows a much-slowed reverse reaction, with dissocia-
tion happening on the time scale of hours. Using the Staphylo-
coccal sortase as a model system, we show that RMR1 can be
grafted onto a peptide scaffold to create potent reversible cova-
lent inhibitors, the efficacy of which is demonstrated against the
recombinant protein as well as on live bacterial cells. Im-
portantly, a RMR1-bearing inhibitor affords long-lasting SrtA
inhibition hours after the inhibitor clearance, which presents the
first demonstration of the kinetic benefit of lysine-targeted re-
versible covalent inhibitors. We envision the RMR1 warhead
can be tuned to give a wide range of kinetic profiles for reversi-
ble lysine conjugation, which will greatly expand the warhead
repertoire for the creation of lysine-targeted reversible covalent
inhibitors. Work towards this end is currently underway.
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