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Abstract

Covalent inhibitors are widely used in drug discovery and chemical biology.
Although covalent inhibitors are frequently designed to react with noncat-
alytic cysteines, many ligand binding sites lack an accessible cysteine. Here,
we review recent advances in the chemical biology of lysine-targeted cova-
lent inhibitors and chemoproteomic probes. By analyzing crystal structures
of proteins bound to common metabolites and enzyme cofactors, we iden-
tify a large set of mostly unexplored lysines that are potentially targetable
with covalent inhibitors. In addition, we describe mass spectrometry-based
approaches for determining proteome-wide lysine ligandability and lysine-
reactive chemoproteomic probes for assessing drug—target engagement. Fi-
nally, we discuss the design of amine-reactive inhibitors that form reversible
covalent bonds with their protein targets.
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INTRODUCTION

The development of electrophilic small molecules that selectively react with a protein nucleophile
is a major focus of chemical biology and drug discovery efforts (1, 2). Covalent inhibitors usually
function through a two-step process in which reversible noncovalent binding precedes a reversible
or irreversible reaction between an electrophile on the small molecule and a proximal nucleophile
on the protein target. Covalent bond formation can result in sustained target engagement (slow
off-rate, long drug—target residence time) and increased pharmacodynamic potency in vivo. After
an irreversible covalent drug has been administered, recovery of the target’s function depends
on its resynthesis rate rather than the drug clearance rate, potentially resulting in a prolonged
duration of action despite rapid clearance (3, 4). In addition, covalent ligands bearing an affinity
tag or fluorophore are employed as chemoproteomic probes to quantify drug—target engagement
and proteome-wide selectivity (5).

Cysteine is the most intrinsically reactive amino acid, and even noncatalytic cysteines can re-
act rapidly with weak electrophiles if the reacting atoms are optimally oriented. Structure-guided
targeting of noncatalytic cysteines is now a prominent strategy in drug discovery. This strategy
has led to the discovery of first-in-class inhibitors of protein—protein interactions, exemplified by
covalent antagonists of the oncogenic Gly12Cys mutant of KRAS and the nuclear export recep-
tor, XPO1 (6-12). In addition, targeting noncatalytic cysteines has been employed to increase the
selectivity of protein kinase inhibitors (13-16), culminating in the recent US Food and Drug Ad-
ministration approval of covalent inhibitors of the tyrosine kinases EGFR (afatinib, osimertinib),
BTK (ibrutinib, acalabrutinib), and HER2 (neratinib) (17-21). A limitation of this approach is that
many ligandable sites lack a cysteine residue.

Lysine is one of the most prevalent amino acids in the proteome, with ~650,000 lysine residues
distributed among ~20,000 human proteins. By contrast, there are only ~260,000 cysteines, many
of which are engaged in structural disulfide bonds and therefore are non-nucleophilic. Aryl sul-
fonyl fluorides (22-25), aryl fluorosulfates (26, 27), Michael acceptors (28-33), dichlorotriazines
(34), activated esters/amides (35-42), and aryl aldehydes (43-47) have been shown to form co-
valent adducts with lysine residues when added to purified proteins, cell lysates, or intact cells
(Table 1). However, compared with cysteine-targeted inhibitors, relatively few covalent inhibitors
and probes (and no approved drugs) have been designed to target lysine (reviewed in 48). Hence,
the lysine e-amine and, to a lesser extent, the N-terminal amine of certain proteins present a largely
unexplored opportunity for covalent targeting [note that only ~20% of human proteins contain
an unblocked N-terminal amine (49)]. This opportunity comes with challenges, including low in-
trinsic nucleophilicity—most lysines are predominantly protonated at physiological pH—and a
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selectivity challenge due to the ubiquitous distribution of lysines throughout the proteome, with
each protein having 32 lysines on average. Although certain lysines are more intrinsically reactive
than others (e.g., owing to microenvironment-perturbed pK,), identification of such lysines by
computational prediction or empirical approaches is challenging. In this review, we discuss strate-
gies for (#) identifying ligandable lysines in proteins and proteomes and (§) developing lysine-
targeted covalent inhibitors and chemoproteomic probes.

MINING THE PROTEIN DATA BANK FOR LIGANDABLE LYSINES

Structural analysis, along with empirical studies using chemoproteomic probes, suggests that each
of the >500 human protein kinases has an active-site lysine that can react with a covalent inhibitor.
To expand this analysis to other protein classes, we searched the Protein Data Bank (PDB) for
lysines in close proximity to the following metabolites (and stable analogs), which are widely
employed as enzyme substrates, cofactors, and allosteric modulators: ADP/ATP, GDP/GTP,
a-ketoglutarate, NAD(P)/NAD(P)H, and S-adenosyl methionine (SAM). We limited our PDB
analysis to crystal structures with a resolution of 3 A or better. Excluding protein kinases, we iden-
tified 470 human proteins (on the basis of Uniprot ID) bound to one or more of these metabolites
(Table 2). Strikingly, ~75% have at least one lysine within 5 A of the metabolite (measured from
the lysine e-amine). The entire curated list, which includes the Uniprot ID, the bound metabolite,

Table 1 Lysine-reactive electrophiles cited in this review

Name Electrophile Lysine adduct Major nucleophile Reference(s)
Aryl sulfonyl ) F o H Lysine, tyrosine, serine 22-25
fluoride Se % N NN
o >
o
1 fluorosulfate F Lysine, tyrosine, serine 26,27
Ary b HN /\/\/V?, v ty
(6] —? =0 o
o (6] —SI =0
O Sf
Vinyl sulfone/ 0 0 NH Cysteine, lysine 29,31
sulfonamide R -:S: 7 R —:s: e
o (e}
J\"r
Methyl fumaramide ch)\/\ Me0,C Cysteine, lysine 30,33
R. =
N CO,M
H Ve 0 N /\/\/‘7?’
NH H
R
Acrylate 0 0 Cysteine, lysine 32
R. 0 J\/ R. o J\/\ H /\/\/'15
Dichlorotriazine R. R. Lysine 34
NH NH
o 1
a)\N/ a CIJ\N/ ”’\/\/E
(Continued)
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Table 1 (Continued)

Name Electrophile Lysine adduct Major nucleophile Reference(s)
Activated 0o s Lysine 35-42
ester/amide B P N J(S
\\/
O
R JJ\S
F
L
R J]\O
F
ofF 505
N i
R 0} F
I R P H A
(0]
[0}
R4
R o
(0]
2,
o o LT
J5;
R N 0
NC
P9
AN B
Salicylaldehyd Lysi termi 43-45
alicylaldehyde O OH g\/\/\ N o ysine (N terminus)
e e
H
2-Formyl phenyl HO. .OH o HO_ ,OH Lysine 46,47
boronic acid T hhgh NI —->B
as 0

Table 2 Number of unique human proteins in the Protein Data Bank (excluding kinases) with
lysines <5 A from the indicated metabolite

Number of lysine residues
0 1 2 >3
GTP 3 7 47 38
ATP 24 81 39 12
o-Ketoglutarate 10 24 0 0
NAD(P)/NAD(P)H 23 42 36 10
S-adenosyl methionine 50 23 2 0
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Figure 1

Mining the Protein Data Bank (PDB) for lysines proximal to metabolite/cofactor binding sites. (#) A
conserved lysine in the Jumonji C demethylase domain of KDM5A interacts with a-ketoglutarate (PDB:
SE6H). (b—d) Although a proximal lysine is found in phylogenetically divergent ATPases, they employ
distinct ATP binding modes and hydrogen bonding interactions: (/) AAA+ ATPase p97/VCP (PDB: 4KO8),
(¢) DEAD-box helicase DDX19 (PDB: 3EWS), and (d) mitochondrial ABC transporter ABCB10 (PDB:
4AYT). (e) Overlay of four SET domains with spatially distinct lysines proximal to SAM or
S-adenosylhomocysteine (cyan): KMTSA (yellow; PDB: 2BQZ), SETD7 (orange; PDB: 3CBM), SUV39H2
(magenta; PDB: 2R3A), and EHMT (green; PDB: 4151). (f) SAM-proximal Lys513 in METTL3, a
non-SET domain methyltransferase for N®-adenosine (PDB: 5TL1).

and the position of the proximal lysine(s), is presented in Supplemental Table 1. ATPases and
GTPases are highly represented in this group, consistent with the known phosphate-binding
and essential catalytic roles of lysine in these enzymes. In addition, most of the identified x-
ketoglutarate binding proteins have a lysine that interacts with a carboxylate of the cofactor (e.g.,
Jumonji C-domain lysine demethylases) (Figure 1a).

Although phylogenetically diverse ATPases employ a conserved lysine to engage one or more
phosphate oxygens, these proteins often differ in their fold, active-site structure, and specific in-
teractions with ATP. For example, the AAA+ ATPase p97, DEAD-box helicase DDX19, and
ABC transporter ABCBI10 contact the 3-phosphate of ATP using a similarly positioned lysine
(Figure 1b—d). Despite this shared feature, the adenine moiety forms distinct van der Waals and
hydrogen bonding interactions with the protein in each case (Figure 1b—d). By exploiting these
structural differences in the ATP binding site, it should be possible to design covalent inhibitors
that target this lysine yet discriminate among distinct AT Pase families.
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SET family methyltransferases use SAM to methylate lysine residues on histones, transcrip-
tion factors, and other proteins. Of the 26 human SET family methyltransferase domains in the
PDB, 9 have a lysine at various locations in the SAM binding site (Figure 1e). Targeting a poorly
conserved lysine with a SAM-competitive covalent inhibitor could serve as a strategy to increase
selectivity among SET family methyltransferases. Outside the SET family, other methyltrans-
ferases contain a SAM-proximal lysine, including the N°-adenosine methyltransferase METTL3,
which was recently implicated in acute myeloid leukemia (50, 51) (Figure 1f).

Because we limited our analysis to structurally characterized proteins and a small set of metabo-
lites/cofactors, our findings likely represent the tip of the iceberg in terms of ligandable lysines in
the human proteome. To increase the inventory of ligandable lysines, we propose the following:
() structural bioinformatic analysis of all protein structures in the PDB—as well as homologous
proteins not in the PDB—with the aim of identifying lysines proximal to all potentially ligandable
sites, including allosteric sites and protein—protein interfaces, and (b) empirical interrogation of
the proteome using lysine-reactive chemical probes.

DETERMINANTS OF LYSINE REACTIVITY AND LIGANDABILITY

In addition to its proximity to a small-molecule binding site, a lysine’s intrinsic nucleophilicity is a
critical determinant of ligandability governed, in part, by its pK,. In solution, the pK, of the proto-
nated e-amine of lysine is 10.4, whereas in proteins it can range from ~5 to ~11 depending on the
local microenvironment (e.g., local dielectric, proximity of negatively and positively charged side
chains) (52). Although itis difficult to measure, let alone predict, the pK, of specific lysines, one can
measure their relative reactivity toward simple electrophiles using quantitative mass spectrome-
try. In a recent study, acetyl CoA and acetyl phosphate were used to measure the relative reactivity
of 90 lysines across 8 purified proteins. The second-order rate constants spanned three orders
of magnitude, with 30% of the lysines being unreactive (53). Decreased reactivity correlated in
many cases with ionic interactions between the lysine and a proximal aspartate or glutamate (e.g.,
ACAT1 Lys84). The most reactive lysines (e.g., GDH Lys503) were on the protein surface, close
to other positively charged residues. The increased reactivity of these lysines can be explained by
their perturbed pK, as well as their accessibility to the charged electrophiles. These observations
raise a potential caveat to these types of measurements: The reactivity of solvent-exposed surface
lysines toward small, charged active esters may not reflect reactivity toward lipophilic, sterically
demanding electrophiles. That is, a lysine’s intrinsic reactivity may vary depending on the specific
physicochemical properties of the test electrophile.

Using advanced chemoproteomic methods, it should be feasible to measure the relative reac-
tivity of every lysine in the proteome toward a model electrophilic probe; in practice, this remains
challenging owing to the massive number of lysines. In a recent study (41), proteome-wide ly-
sine reactivity was estimated by treating cell lysates with two concentrations of a clickable lysine-
reactive probe, sulfotetrafluorophenyl pentynoate (STP-alkyne) (Figure 24). A similar study used
a clickable N-hydroxysuccinimide (NHS) ester as the probe (42). After copper-catalyzed click
conjugation to a cleavable biotin azide and affinity purification with streptavidin-agarose beads,
probe-modified peptides were identified by mass spectrometry. The difference in labeling inten-
sity between the two probe concentrations was used to infer relative reactivity; lysines with roughly
equivalent labeling intensity under both conditions were deemed highly reactive (labeled to sat-
uration at the lower probe concentration), whereas those with increased labeling proportional to
the probe concentration were deemed to have moderate or low reactivity. Using this workflow, the
reactivity of >4,000 lysines was estimated using proteomes derived from three human cancer cell
lines. Hyperreactive lysines (<10% of lysines modified by STP-alkyne) were enriched in enzyme
active sites and ligand binding sites.
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Figure 2

Proteome-wide determination of lysine reactivity and ligandability using the clickable probe sulfotetrafluorophenyl pentynoate
(STP-alkyne) and quantitative mass spectrometry. (#) Chemical structure of STP-alkyne and reactive ester fragment 1. Fragment 1 was
found to prevent covalent modification of E3 ubiquitin ligase subunit CUL2 at Lys489 by STP-alkyne (41). (b)) CUL2 Lys489 is
adjacent to a pocket at the interface with RBX1 in an E3 ligase complex (Protein Data Bank: SN4W).

Competition experiments using STP-alkyne and a panel of 32 lysine-reactive fragments
(NHS, pentafluorophenyl, and other active esters) were used to identify lysines proximal to
saturable fragment binding sites (i.e., ligandable lysines). Only a minor fraction (<2%) of the
STP-alkyne-modified lysines were completed by pretreating lysates with one or more active ester
fragments. Some of the ligandable lysines were found in challenging, classically undruggable tar-
gets, including protein—protein interaction domains. For example, several fragments modified the
transcriptional repressor SIN3A at Lys155, which inhibited SIN3A binding to TGIF1, a DNA-
binding transcription factor. The data set of 121 ligandable lysines in 113 human proteins can
potentially serve as a resource for structure-based design of new covalent probes. As an example,
we highlight the E3 ubiquitin ligase subunit CUL2. As shown in the supplementary data set ac-
companying the Hacker et al. study (41), CUL2 Lys489 was labeled by two active ester fragments,
including compound 1 (Figure 24). A recent crystal structure (54) of a multisubunit E3 ligase com-
plex reveals that CUL2 Lys489 is adjacent to a shallow pocket at the interface of CUL2 and the
E2-binding subunit RBX1 (Figure 2b). Covalent modification of this lysine with small-molecule
ligands that bind to this interface could potentially inhibit CUL2 E3 ligase activity; alternatively,
targeting this site with a bifunctional ligand could be used to promote ubiquitination and degra-
dation of neosubstrates (55-58).

The data set reported by Hacker et al. (41) provides the most comprehensive view of lysine
reactivity to date. Nevertheless, it captures only a small fraction of the total number of lysines
in the proteome. For example, although STP-alkyne labeled 70 kinases, only 15 probe-modified
lysines correspond to the kinase catalytic lysine. By contrast, the catalytic lysine in >300 protein
kinases has been shown to react rapidly with active site—directed acyl phosphate and sulfonyl flu-
oride probes (24, 25, 40). Efficient modification of the kinase catalytic lysine, situated in a deep
hydrophobic pocket, may require tailored probes with higher intrinsic affinity for the ATP binding
site. We speculate that this may be true for many other ligandable lysines.

CHEMOPROTEOMIC PROBES TARGETING THE CATALYTIC LYSINE
IN PROTEIN KINASES

Protein kinases comprise a large family of signal-transducing enzymes (>500 in humans) that
regulate all cellular processes. Kinases are validated therapeutic targets for cancer, rheumatoid
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Figure 3

arthritis, and idiopathic pulmonary fibrosis, and they continue to be a central focus of drug dis-
covery efforts for many other diseases. In addition to their prominent role as drugs, selective kinase
inhibitors often provide new mechanistic insights that are not easily obtained through genetic ap-
proaches (59).

Given the highly conserved ATP binding site and the presence of hundreds of kinases in any
given cell type, a key question inevitably arises with the use of any kinase inhibitor: When the
inhibitor is added to cells at a concentration that induces a phenotype of interest (e.g., cancer
cell death), which kinases are occupied by the inhibitor and to what extent? Although selectiv-
ity is typically assessed by profiling a panel of purified recombinant kinases or kinase domains,
recent chemoproteomic methods have been developed to interrogate hundreds of endogenously
expressed kinases in a single experiment, in either cell lysates or intact cells (40, 60, 61). Such
methods have the potential advantage of quantifying inhibitor-kinase interactions in a more phys-
iologically relevant context.

ADP- and ATP-desthiobiotin are acyl phosphate-based chemoproteomic probes that were de-
signed to react with a proximal lysine residue in protein kinases and other ATP-utilizing enzymes
(39).In protein kinases, the primary modification site is the conserved and catalytically essential Iy-
sine, which coordinates the ADP leaving group during the phospho-transfer reaction (Figure 34).

Catalytic Lys

7
=z
/
\Z o

J
o

SO.F SOF

/O OH

FSBA Probe 2

Lysine-targeted chemoproteomic probes for kinases and other ATP binding proteins. (#) Crystal structure of protein kinase A bound to
ATP showing the conserved catalytic Lys73 and proximal Lys169 (Protein Data Bank: 1ATP), which is conserved in serine/threonine
kinases. (/) ADP- and ATP-desthiobiotin probes acylate the kinase catalytic lysine and other ATP-proximal lysines in cell lysates.
Chemical structures of (¢) 5'-fluorosulfonylbenzoyl adenosine (FSBA) and (d) clickable sulfonyl fluoride probe 2, which potently labels
SRC family kinases in cells.
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Other lysines just outside the kinase active site are also modified to varying extents. The acyl phos-
phate probes contain a desthiobiotin moiety attached via its carboxylic acid to the B-phosphate
of ADP or the 'y-phosphate of ATP. A lysine in close proximity to the terminal phosphate of the
reversibly bound probe attacks the carbonyl to form a stable desthiobiotin carboxamide, with ex-
pulsion of the ADP/ATP leaving group (Figure 35).

In a typical chemoproteomic profiling experiment, ATP-desthiobiotin (5 uM) is added to gel-
filtered (ATP-depleted) cell lysates in the absence or presence of a competing kinase inhibitor.
After exhaustive trypsinization, desthiobiotinylated peptides are enriched with streptavidin beads
and analyzed by quantitative mass spectrometry. By comparing MS intensities of kinase-derived,
desthiobiotinylated peptides from control versus inhibitor-treated lysates, one can estimate in-
hibitor occupancy of up to 150-200 endogenous kinases from a single cell line and >300 kinases
across multiple cell lines (40, 62-68). Reproducible detection and quantification of hundreds of
unique kinases—each of which can contribute only 1 or 2 probe-modified peptides—requires a
significant time investment to develop a robust mass spectrometry pipeline (69-71). In addition to
kinases, ADP- and ATP-desthiobiotin probes covalently modify hundreds of nonkinase proteins,
including HSP70 and HSP90 chaperones, in an ATP-competitive manner (72).

Sulfonyl fluorides react with multiple protein nucleophiles, yet they are relatively stable to
hydrolysis at physiological pH (73-75). Reactions with amines and hydroxyls (lysine, tyrosine,
serine, threonine) produce stable sulfonamides and sulfonates, whereas reactions with thiols and
imidazoles (cysteine, histidine) result in adducts that may be labile and difficult to isolate (75-78).
Sulfonyl fluorides have been used extensively as serine hydrolase inhibitors and nucleoside-based
affinity probes for myriad enzymes. However, there are relatively few examples of sulfonyl fluoride
probes designed to target a specific lysine in a protein active site.

5’-Fluorosulfonylbenzoyl adenosine (FSBA) binds the ATP site of numerous proteins, includ-
ing protein kinases, with affinities ranging from high micromolar to low millimolar (Figure 3¢).
Although FSBA selectively modifies the catalytic lysine of purified protein kinases (79), its utility
as a chemoproteomic kinase probe is limited. To enable covalent lysine-targeted kinase inhibi-
tion in cells, we designed the sulfonyl fluoride probe 2 (Figure 3d), a hybrid of FSBA and the
potent SRC family kinase inhibitor, PP1 (25). The p-tolyl group on its pyrrolopyrimidine core
was designed to fill a hydrophobic pocket in SRC and other kinases with a small amino acid at
the gatekeeper position, thereby increasing the affinity by ~10,000-fold relative to FSBA. It also
contains a 2’-propargyl ether, enabling copper-catalyzed click conjugation to biotin or rhodamine
azides. Probe 2 rapidly labeled SRC in live cells at nanomolar concentrations (ICsy ~ 300 nM),
and labeling was not observed when the catalytic lysine was mutated to arginine.

"To expand the number of endogenous kinases amenable to detection by cell-permeable sulfonyl
fluoride probes, we designed XO44, which links a phenylsulfonyl fluoride to a highly promiscu-
ous kinase-binding scaffold (Figure 44) (24). Covalent modification of the catalytic lysine was
revealed by cocrystal structures of XO44 bound to SRC and EGFR (Figure 45). When added
to live cells, XO44 modified 133 endogenous kinases, as revealed by mass spectrometry analysis
(Figure 4¢). This finding represents by far the largest fraction of the kinome labeled by a single
probe in live cells. Using XO44 and label-free quantitative mass spectrometry, we observed selec-
tive engagement of endogenous ABL1, BLK, SRC, and LCK by clinically relevant concentrations
of the myeloid leukemia drug, dasatinib.

A remarkable feature of XO44, as shown by chemoproteomic analysis, is its selective promis-
cuity. Other than protein kinases, most of which were labeled to saturation by XO44 within
30 min, very few proteins were specifically enriched and identified by mass spectrometry. These
results suggest that sulfonyl fluorides such as XO44 occupy a sweet spot in electrophile space,
efficiently reacting with an appropriately positioned lysine while reacting slowly with most
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Figure 4

X044, a broad-spectrum probe for quantifying kinase occupancy in living cells. (#) Chemical structure of X044, comprising an
aminopyrazole noncovalent kinase-recognition moiety, a piperazine linker, and a phenylsulfonyl fluoride. (#) Crystal structure of XO44
covalently bound to the EGFR kinase domain (Protein Data Bank: 5U8L) (24). (¢) Kinase dendrogram showing kinases covalently
labeled by XO44 in Jurkat cells. Figure adapted with permission from Reference 24; copyright 2017 American Chemical Society.
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off-target nucleophiles when added to cells at low micromolar concentrations. As mentioned
above, sulfonyl fluoride probes have been designed to target other protein nucleophiles, including
a tyrosine in the mRNA decapping enzyme, DCPS (80). In the case of DCPS, a lysine is within
7 A of the modified tyrosine. It remains to be determined which specific features in the protein
microenvironment favor sulfonyl fluoride modification of tyrosine versus lysine.

TARGETING NONCATALYTIC LYSINES AND N-TERMINAL AMINES
WITH REVERSIBLE COVALENT INHIBITORS

Reversible covalent inhibitors have the potential to exhibit sustained target engagement, high
selectivity, and a reduced propensity to form adducts with off-target nucleophiles. An example
of this approach is provided by cyanoacrylamide-based kinase inhibitors, which covalently mod-
ify a noncatalytic cysteine proximal to the ATP binding site (81-84). Imine (Schiff base) forma-
tion between an aldehyde-containing small molecule and a protein-derived amine—either a lysine
¢-amine or an unblocked amino terminus—represents a conceptually related strategy for devel-
oping reversible covalent inhibitors with potential application to proteins that lack a suitably posi-
tioned cysteine. In this section, we highlight three recent examples of ortho-substituted benzalde-
hydes that form an imine with a specific amine on their protein target.

The o-hydroxy benzaldehyde (salicylaldehyde) GBT440 is in late-stage clinical development
for sickle cell disease. GBT440 (also called voxelotor) forms an imine with the N-terminal amine
of a-hemoglobin (Figure 5a), stabilizing the oxygen-bound state and preventing polymerization
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Figure 5

Targeting lysine and N-terminal amines with ortho-substituted aldehydes. (#) Salicylaldehyde inhibitor GBT440 forms a reversible
imine with the N-terminal amine (Val2) of a-hemoglobin [Protein Data Bank (PDB): SE83]. An intramolecular hydrogen bond may
stabilize the covalent adduct. (b) Salicylaldehyde inhibitors 4u8C and MKC9989 reversibly target Lys907 in the RNAse domain of
IRE1 (PDB: 4PL3). The imine is shielded from solvent by Phe889. (c) The crystal structure of compound 3 bound to MCL1 (PDB:
3WIX) guided the design of o-boronic acid benzaldehyde 4, a reversible covalent MCL1 inhibitor that targets Lys234.

of mutant «/B-hemoglobin tetramers (85). GBT440 analogs that lack the aldehyde are inac-
tive, whereas those that lack the o-hydroxyl are less potent in vitro and show reduced erythro-
cyte occupancy in vivo (43). The crystal structure of GBT440 bound to the o, 3, hemoglobin
tetramer reveals an intramolecular hydrogen bond between the o-hydroxyl and the imine nitrogen
(Figure 5a), which may contribute to GBT440’ long residence time in vivo. Kinetic studies of
model benzaldehyde-derived imines have shown that an o-hydroxy group decreases the hydroly-
sis rate by at least 40-fold compared with an o-methoxy or 7-hydroxy group (86). This profound
kinetic stabilization effect has been attributed to intramolecular hydrogen bonding (Figure 54).
Similar trends have been observed in kinetic measurements of transimination reactions comparing
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benzaldehyde- versus salicylaldehyde-derived imines (87). GBT440 also forms an intermolecular
hydrogen bond between a pyrazole nitrogen and Ser132 on the second «-chain as well as hy-
drophobic interactions on both sides of the «-hemoglobin dimer interface. These interactions
prevent binding of a second GBT440 molecule to the symmetry-related site; this differs from
earlier hemoglobin stabilizers, most of which bind with 2:1 stoichiometry (88-90). Hence, sim-
ilar to cysteine-targeted reversible covalent kinase inhibitors (81, 84), covalent and noncovalent
interactions cooperatively stabilize a long-lived complex between GBT440 and the hemoglobin
tetramer.

Salicylaldehydes (and salicylaldimines) have also been discovered to inhibit the unconventional
RINA splicing activity of IRE1 (91, 92), a transmembrane protein kinase and RNAse that signals
in response to unfolded protein accumulation in the endoplasmic reticulum. Compound 4u8c (8-
formyl-7-hydroxy-4-methylcoumarin) and other related salicylaldehydes form reversible imines
with Lys907, a noncatalytic lysine in the RNAse domain of IRE1 (Figure 5b) (44). Benzaldehy-
des that lack the o-hydroxyl group are inactive (45, 92). Molecular dynamics simulations suggest
that Lys907 has a shifted pK, of ~7 (compared with a pK, of 10-11 for fully solvated lysine) (93).
Lys907 is buried in a hydrophobic pocket and shielded from solvent, potentially contributing to its
decreased pK, and increased nucleophilicity. Crystal structures of IRE1 bound to salicylaldehyde
inhibitors confirm imine formation with Lys907 (45), but the orientation of the imine nitrogen
precludes intramolecular hydrogen bonding (Figure 55). Instead, the o-hydroxyl forms a hydro-
gen bond with the catalytically essential Tyr892. The imine is further shielded from solvent by
a pi-stacking interaction with Phe889. Solvent accessibility of the imine—which must undergo
nucleophilic attack by a water molecule prior to dissociation of the inhibitor—is likely a major
determinant of residence time for amine-targeted aldehyde inhibitors, in addition to intra- and
intermolecular stabilizing interactions.

The salicylaldehyde-based ligands described above provide evidence that a hydroxyl sub-
stituent ortho to the electrophilic aldehyde can have a profound impact on potency. A similar
concept, based on intramolecular imine stabilization, was employed in the design of benzalde-
hydes (and acetophenones) with an o-boronic acid substituent. o-Boronic acid aldehydes react
with amines to form iminoboronates, whose thermodynamic stability is thought to derive from
an intramolecular dative bond between the imine nitrogen and boron (46) or an ionic interaction
between the protonated imine and the negatively charged boronate (94). Starting with the non-
covalent ligand 3, o-boronic acid aldehyde 4 was designed to target a noncatalytic surface lysine
(Lys234) near the BH3 binding groove of MCL1, an antiapoptotic regulator that promotes can-
cer cell survival (47) (Figure 5¢). Compound 4 binds MCL1 tightly (ICs5o ~ 5 nM), and mutation
of Lys234 to alanine results in a 30-fold reduction in binding affinity. Both the aldehyde and the
boronic acid are critical for potency, as analogs lacking either exhibit from 20- to 50-fold lower
binding affinity for MCL1 and >20-fold lower cellular potency. Compared with cysteine-targeted
reversible covalent kinase inhibitors with residence times of hours to days (81, 84), o-boronic acid
aldehyde 4 dissociates from MCL1 much faster (t;2 ~ 38 s) Only limited kinetic data are avail-
able for other amine-targeted aldehyde-based inhibitors, including the salicylaldehyde ligands for
IRE1 and hemoglobin described above.{In this regard, it would be of interest to directly compare
the hydrolysis rates of model imines (in pH ~ 7 buffer) and protein/ligand adducts derived from
o-boronic acid aldehydes, salicylaldehydes, and other substituted benzaldehydes.

In summary, aldehyde-based covalent inhibitors—in particular, salicylaldehydes and o-boronic
acid benzaldehydes—have been designed or discovered to reversibly target an amine (IN-terminal
amine or lysine e-amine) proximal to a ligand binding site on «-hemoglobin (allosteric site),
IRE1 (RNAse active site), and MCL1 (protein—protein interaction site). The affinity, selectivity,
and residence time are likely determined by a combination of tunable properties, including the
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intrinsic stability of the product imine—its solvent accessibility, bound conformation, and ability
to form intramolecular interactions—as well as noncovalent intermolecular interactions between
the ligand and the protein. It should be possible to optimize these cooperative stabilizing inter-
actions by structure-based design. Moreover, the strategy of targeting lysines and N-terminal
amines with reversible covalent inhibitors should be applicable to any target with a suitably
reactive amine proximal to a ligand binding site.

CONCLUSIONS AND PERSPECTIVE

Broad application of covalent inhibitors and probes to protein sites that lack a ligandable cysteine
requires new approaches in medicinal chemistry, chemical biology, and chemoproteomics. The to-
tal number of proteins with a ligandable lysine is currently unknown. Nevertheless, our analysis of
the PDB suggests that the majority of enzyme cofactor binding sites—and perhaps by extension,
other ligand binding sites—contain at least one proximal lysine. Although quantitative chemopro-
teomic studies have begun to reveal the reactivity and ligandability of lysines on a proteome-wide
scale (41, 42), we argue that the amine-reactive probes deployed thus far have captured only a
small fraction of the ligandable lysinome, implied by the absence of many active-site lysines in
published chemoproteomic data sets. Key unanswered questions for future research include the
following: Which lysines can efficiently capture a proximal electrophile in living cells and animals,
and which electrophile is best suited for a given lysine? Innovative chemistry for the discovery of
new electrophiles and their precise installation onto diverse noncovalent recognition scaffolds will
play a critical role in the expansive application of covalent inhibitors and chemoproteomic probes
to lysines as well as other protein nucleophiles like tyrosine, serine, and histidine. Finally, advances
in multiplexed quantitative mass spectrometry and chemoproteomic probe design are required to
fully explore the vast uncharted universe of ligandable protein nucleophiles in cells and organisms.
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