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The future of
covalent drugs

hemistry is all about making bonds, particularly covalent

ones in which atoms share electrons. And some of the

world’s longest-known pharmaceuticals—including the anti-

inflammatory aspirin and the antibiotic penicillin V—act by
forming covalent bonds with their biological targets.

But drugmakers have generally avoided developing such drugs, fearing that the mole-
cules would do more harm than good by binding to nontarget proteins or triggering im-
mune responses. Instead, pharmaceutical scientists have focused on molecules that bind
reversibly through noncovalent interactions.

The recent success of several covalent anticancer drugs has demonstrated that the fears
around covalent drugs are, if not unfounded, perhaps overblown.

In this report, you’ll discover what chemists have learned about covalent drugs that has
turned them into a mainstay of drug development. You’ll learn the chemistry behind tar-
geting proteins previously considered to be undruggable. Youwll meet the scientists devel-
oping new tools to demonstrate the selectivity of drug candidates. And you’ll encounter
the start-ups taking the molecules into the clinics.

Contributing editor Brian Owens, an independent journalist who covers health and the
environment, edited this report with Jyllian Kemsley, C&EN’s executive editor for policy
and content partnerships. It includes a reading list of papers and patents curated by our
sources, as well as by information scientists at the CAS division of the American Chemical
Society.

As an ACS member, you get exclusive access to Discovery Reports, quarterly publica-
tions that bring you cutting-edge research defining the chemical sciences and our industry.
Look for the next one in the fourth quarter of 2022.

Bibiana Campos Seijo
Editor in chief, C&EN
@BibianaCampos
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CHEAT SHEET

5 questions and answers
about covalent drugs

Q.

Can we move
beyond
cysteine?

The vast majority
of covalent drugs,
both approved and
in development, use
an acrylamide to bind
with a cysteine amino
acid on their target
protein.

But that limits the
proteins that can be
targeted, as cysteine is
uncommon in binding
sites and is usually
accessible only in
intracellular proteins.

New functional
groups that can bind
to other amino acids,
such as lysine, would
expand the field of
druggable proteins.

Q.

Can covalent
drugs be
useful outside
oncology?

The first targeted
covalent inhibitors—
drugs deliberately
designed to use
covalent bonds, rather
than those discovered
serendipitously, like
penicillin—were all
anticancer drugs,
because the risk of
toxicity is considered
more acceptable when
the stakes are life and
death.

The oncology drugs
have proved to be
well tolerated and
have not triggered
broad toxicities, giving
researchers and
companies the leeway
to expand into other
areas.

Inflammatory
diseases have
emerged as arich
target for new covalent
drugs.

Q.

How many
‘undruggable’
proteins could
covalent drugs

reach?

Of the roughly
20,000 proteins in
the human proteome,
only about 3,000
are thought to be
druggable with
conventional drugs,
and just 700 actually
have drugs that target
them.

Drugs that bind
to nonfunctional
parts of a protein, to
cause conformational
changes or serve
as anchors to allow
interactions elsewhere,
could help greatly
expand the number of
druggable targets.

Efforts to drug the
entire proteome are
likely to rely heavily on
covalent drugs.

Q.

Have therisks
of toxicity from
covalent drugs
been dealt with

adequately?

The biggest hurdle
to developing covalent
drugs has always been
the risk of off-target
effects that trigger an
immune response and
toxicity.

Stabilizing
the protein-drug
complex is one of
several techniques
that scientists use
to reduce the risk of
side effects and make
covalent drugs more
specific.

In the case of
kinase inhibitors,
covalent drugs have
a lower chance of
causing liver toxicity
than conventional
reversible drugs.

Q.

Can biologic
drugs make
use of covalent
bonds?

Small-molecule
drugs have dominated
covalent drug
development to date.

Proteins and
other biologics are
generally not able to
form covalent bonds
with their targets, but
techniques such as
incorporating synthetic
amino acids could give
them that ability.
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FROM THE FRONT LINES

6 experts identify the
challenges and opportunities
for covalent drugs

Elena De
Vita

Marie Sktodowska-Curie
fellow, Imperial College
London

Perhaps the biggest advan-
tage of covalent drugs is their potential to attack
targets once thought to be “undruggable,” Elena De
Vita says. They are part of a suite of approaches, in-
cluding things like next-generation sequencing, that
are helping researchers expand the number of drug-
gable proteins.

Of the roughly 20,000 proteins in the human pro-
teome, about 3,000 are considered druggable with
conventional drugs, yet only 700 have drugs that tar-
get them, De Vita says. The Target 2035 initiative is
a global effort to create libraries of small molecules,
chemical probes, and functional antibodies for the
entire proteome—along with covalent drugs to tar-
get as many proteins as possible.

In her own work, De Vita focuses on Rab27, a small
enzyme that hydrolyzes guanosine triphosphate to
guanosine diphosphate and is involved in cancer me-
tastasis. The family of GTPases was long considered
undruggable, because the enzymes have only one
binding pocket, which is highly conserved across all
versions of the protein. The similarity of the binding
sites makes it difficult to target a specific protein. In
addition, there is a lot of GTP in a cell, so it is hard
to outcompete the substrate with a drug. But De Vita
and others working on GTPases found that a protein
fragment that binds covalently elsewhere on the pro-
tein causes a conformational change that opens up
a new pocket near the GTP-binding site to create a
new target for a drug. Researchers can then build on
that fragment to develop a novel drug that can take
advantage of the new site.
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If we can find
something
with even
aweak
affinity for
the protein,
that’'sa
starting
point we
canuseto
develop a
more potent
chemical.?9

“If we can find something with even a weak af-
finity for the protein, that’s a starting point we can
use to develop a more potent chemical,” De Vita
says. “This opens up a lot of possibilities that we
wouldn’t even be able to consider without covalent
inhibitors.

Jeffery
Kelly

Professor of chemistry,
Scripps Research-California

In drug discovery, research-
ers normally isolate a specific
biological target, then throw hundreds or thousands
of novel chemicals at it to see what sticks and what
might make a useful drug. Jeffery Kelly does the
opposite.

Kelly’s research group uses a concept he calls
inverse drug discovery. He and his colleagues start
with a few chemicals with underexplored “Goldi-
locks” functional groups—ones they know have the
potential to covalently bind with one or a few pro-
teins but aren’t so reactive that they’ll disappear in
the biological environment. They screen those mol-
ecules against all the proteins in a living cell to see
which proteins the molecules bind to. They can then
decide which, if any, look worthwhile to pursue fur-
ther. “It’s a really good strategy for making covalent
ligands for the human proteome,” Kelly says. “If we
did it for a few years, we would eventually find li-
gands for the majority” of proteins.

The technique is better suited to academic drug
discovery and big pharmaceutical companies than to
small biotechs focused on a particular disease, Kelly
says, because “we have no idea what we’re going to
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find.” His group has already identified some prom-
ising leads linked to cancer and is now concentrat-
ing on proteins involved in lysosomal degradation,
which plays a role in some metabolic disorders.

Inverse drug discovery works best for finding
covalent inhibitors, because the workflow involves
using affinity chromatography to remove the
bound proteins from the mixture. That separation
technique requires extremely tight bonds. Kel-
ly says his interest in covalent drugs stems from
the fact that they’re underused in drug discovery
because of concerns about off-target effects. But
there are now many approaches to delineate how
selective covalent drugs are for their targets, he
adds, and that makes them a viable option for fu-
ture development.

Keser(

Director of medicinal
chemistry, Hungarian
Academy of Sciences

Many covalent drugs are
created by taking an existing small-molecule drug
and adding a covalent “warhead” to increase the
drug’s binding affinity for the target protein. Gyorgy
Kesert prefers to start with the covalent ligand and
build the rest of the drug around it, a process known
as fragment-based drug discovery.

“We can explore different subpockets [of the pro-
tein], then connect or grow new parts of the mole-
cule,” Keser{isays. “Rather than trying to fit an ex-
isting house into a plot of land, you build it out of
smaller pieces, like bricks, into a shape that fits the
space available.”

While fragment-based drug discovery does not
require covalent ligands, there are several benefits to
combining the two. First, because the starting point
is a small part of a molecule, it can be difficult to
determine when it has attached to a target without
a covalent bond. Covalent ligands are much easier
to detect. Second, as researchers add new moieties
to an initial fragment, there’s a risk that the bind-
ing mode will change, affecting the drug’s efficacy.
That is much less likely with covalent bonds, which
makes covalent drugs easier to optimize. Finally, it
can help identify new targets by screening covalent
fragments against protein libraries, as in the inverse
drug discovery method Jeffrey Kelly uses.

Building a molecule to fit the available space can
also help reduce off-target effects. Assembling the
molecule bit by bit allows researchers to add piec-
es that bind to other, nearby elements of the target,
to both stabilize the bonds and make the drug more
specific. “The specificity comes from those nonco-
valent parts,” Keserfi says.

There are
awhole
host of drug
targets out
there that
are not being
targeted
because
they don’t
have
opportune
cysteines
that you can
go after.99

Juswinder
Singh

Chief scientific officer,
Ankaa Therapeutics

Every covalent drug used
today is essentially an acrylamide, or a slight varia-
tion on one. “That’s good,” Juswinder Singh says. “It
shows companies are getting comfortable with the
idea of targeting proteins with an acrylamide.”

But that comfort also causes restrictions, Singh
says, as it means covalent drugs are essentially limit-
ed to targeting cysteine residues. And those targeted
cysteines are primarily on intracellular proteins. In
contrast, cysteines on extracellular proteins are gen-
erally sequestered into disulfide bonds. “There are
a whole host of drug targets out there that are not
being targeted because they don’t have opportune
cysteines that you can go after,” he says.

Singh says the next big opportunity in covalent
drug discovery is to expand the field of drug targets
to include ones that make use of residues other than
cysteine. “People are putting a lot of focus on lysine,”
he says. “Several companies have recently been fi-
nanced to do this” (see page 17). Lysine is more prev-
alent than cysteine in protein-binding sites and is not
limited to intracellular proteins. But because it is less
nucleophilic than cysteine, in most cases it makes
for a more challenging target for covalent drugs.

Singh himself has been working on this problem
with his team at Ankaa for the past several years.
They have been looking at chemicals other than
acrylamide that can target cysteine and at ways
to target other residues like lysine. If their search
proves successful, it would greatly expand the pos-
sibilities of covalent drugs. “There’s a whole land-
scape out there to be discovered,” Singh says.

Jack
Taunton

Professor of cellular
molecular pharmacology,
University of California, San
Francisco

The most distinctive fea-
ture of covalent drugs is the tight, almost unbreak-
able bonds they form with their target proteins. But
Jack Taunton is going in another direction, designing
covalent inhibitors that are completely reversible.

The discovery of such reversible covalent in-
hibitors was a surprise. Michael Cohen, one of
Taunton’s graduate students, started exploring
electrophiles made from cyanoacrylates—the same
type of chemical moiety used in adhesives such as
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Super Glue. Taunton was skeptical, thinking the
compounds would be so reactive that they would
bind to every cysteine in the cell. But when they
looked at what should have been a cyanoacrylate
compound bound to the ribosomal S6 kinase (RSK)
protein, mass spectrometry showed no covalent
modification, even though the molecule was the
most potent RSK inhibitor they had yet seen. Fur-
ther investigation showed that cyanoacrylates—and
cyanoacrylamides—are indeed highly selective and
completely reversible covalent inhibitors.

Reversible inhibitors rely on cooperative interac-
tions like hydrogen bonds and Van der Waals inter-
actions to stabilize them. Without those interactions,
the covalent bond quickly reverses, reducing off-tar-
get effects. The same thing happens when the target
protein is denatured or otherwise disrupted.

“Against a folded target the binding is, if not
completely irreversible, at least long lasting. But
as soon as you unfold or denature the protein, the
covalent bond reverses as fast as you can make the
measurement,” Taunton says. Sanofi currently has
a drug based on this kind of reversible covalent
bond, rilzabrutinib, in Phase 3 trials for immune
thrombocytopenia.

Reversible binding lets researchers design or
optimize compounds on the basis of their distinct
off rates by constructing drugs that take advantage
of the specific stabilizing interactions available on
their target. “Fully reversible interactions, even
when covalent, give you more opportunities for off-
rate-driven selectivity, which is completely unavail-
able to irreversible covalent approaches,” Taunton
says.

When
proteins have
the same
covalent-
binding
ability, they
should have
the same
benefits as
with small
molecules,¥y

Lei Wang

Professor of chemical
biology, University of
California, San Francisco

The benefits of covalent
drugs are obvious: The tight-
er bond means they are more
potent and stay in the body longer, so dosages can
be lower. And they allow pharmaceuticals to attack
targets previously thought to be undruggable. But
so far, almost all the covalent drugs created have
been small molecules. There are no covalent pro-
tein drugs, because proteins usually can’t form cova-
lent bonds with other proteins. Lei Wang wants to
change that, bringing the advantages of covalency to
biologic drugs.

“When proteins have the same covalent-binding
ability, they should have the same benefits as with
small molecules,” Wang says. And they may also have
greater specificity than small molecules, a character-
istic that reduces concerns about off-target effects.

To create covalent proteins, Wang and his col-
leagues turned to the well-established method of
genetic code expansion, replacing one of a protein’s
natural amino acids with a synthetic one that can
form covalent bonds with its target. For example,
they added a new amino acid to human programmed
cell death protein 1 (PD-1), allowing the protein to
bind irreversibly to its target, PD-L1. The result was
an antitumor therapeutic efficacy equivalent to or
better than that of an anti-PD-LI antibody in mice.

While Wang has demonstrated the potential of
covalent protein drugs as a treatment for cancer, he
says the genetic code expansion method could be
used to convert almost any protein drug—or other
biologic drug—into a covalent one. “This is a plat-
form technology that can be applied to a broad range
of diseases that protein drugs can treat,” Wang says. m
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Discover trends in covalent drugs
Where in the world

As in most fields, China and the US lead worldwide patenting for covalent drugs, with China overtaking the US around 2016.
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ANALYSIS

Covalent drugs go
from fringe field to
fashionable endeavor

BETHANY HALFORD, C&EN STAFF

nticing atoms to share their electrons—to make a covalent bond,

in other words—is at chemistry’s core. But when chemists make

drug candidates, they’ve historically shied away from molecules

that might engage in this type of bond making with biological
targets, preferring instead to use molecules that drift in and out of
their protein targets. After all, what’s to guarantee that a reactive
compound will make a bond only with an amino acid on its intended
target and not one on some other protein in the human body’s complex
biochemical soup?
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Over the past decade, however, researchers
have shifted their thinking about drug candidates
that make covalent bonds. After the success of
several covalent anticancer drugs, many medicinal
chemists are now designing drug candidates that
form bonds with their targets. These scientists
are finding footholds on proteins that were once
considered undruggable; they do this by using an-
alytical techniques that help them zero in on spe-
cific amino acids and by developing novel reactive
groups that expand the types of amino acids they
can target.

Drugs that make covalent bonds to their tar-
gets certainly aren’t new. Aspirin’s reactive ace-
tyl group gets transferred onto serines in certain
enzymes, preventing the enzymes from making
molecules that lead to inflammation and clotting.
Of course, no one knew that in 1899, when Bayer
started selling the drug. Even widely used con-
temporary drugs like the heartburn pill Prilosec
(omeprazole) and the blood thinner Plavix (clopi-
dogrel) act by a covalent mechanism that wasn’t
discovered until after they were in development. It
wasn’t engineered into the molecules.

“If you look back over 100 years, some of the
most important medicines advanced have a cova-
lent mechanism of action. I think that was under-
appreciated until the early 2000s,” says Juswinder
Singh, founder and chief scientific officer at Ankaa
Therapeutics. “People didn’t realize the impor-
tance of the bond that was being formed,” he says.
“The power of covalency is that you’ve got a small
molecule that essentially silences the drug target.”
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A noncovalent, or reversible, drug slips in and
out of its target, a disease-linked protein. But a co-
valent drug bonds to the protein target, shutting
it down. That protein won’t be active again until
the body resynthesizes it—a process that can take
days. That means that doctors don’t have to give
the drug as often and can give it in lower doses.

Although those qualities sound appealing, de-
signing covalent drug candidates was considered
a fringe idea as recently as 2006. That’s when
Singh cofounded Avila Therapeutics, a company
dedicated to making covalent anticancer drugs.
At the time, drugmakers worried about creating
compounds that, in theory, could form bonds with
other proteins in the body and cause dangerous,
off-target effects. They also thought immune cells
might see the drug-bound proteins as foreign and
potentially trigger an immune response.

Margaret Chu-Moyer, vice president of research
and head of chemistry, characterization, and tech-
nology at Amgen, says drugmakers saw how a class
of covalent drugs called DNA-alkylating agents,
which includes the cancer therapy cisplatin, react-
ed widely. “They were not only toxic to tumor cells,
which is what you wanted; they were like a bomb
going off throughout the body,” because of their
toxic reactions in other cells too, she says. With
that context, it was tough to think about designing
covalent drugs that would also be safe, she says.

In fact, Chu-Moyer says, when she started as a
medicinal chemist in the 1990s, she avoided mak-
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“That experience really solidified for me that covalent drugs are the
way. Not only are they a tool in the toolbox; they are a paradigm unto
themselves that really offers a lot of advantages.”

ing molecules with reactive handles or molecules
that could be metabolized into compounds with
reactive handles. “It was verboten, almost, to think
of these in a prospective manner,” she says.

Singh adds that many drugmakers thought cova-
lent drugs simply weren’t necessary. With rational
drug design, he says, medicinal chemists thought
they could solve every problem with a reversible
drug. “I think it’s still the case that a lot of peo-
ple believe that,” he says. But now there are plenty
of data showing the problems covalent drugs can
solve.

“The drug that really put covalent inhibitors
on the map is ibrutinib,” says Dan Erlanson, vice
president of chemistry at Frontier Medicines, a
company that’s taking a covalent approach to drug
discovery.

Ibrutinib, which is marketed as Imbruvica, cova-
lently inhibits Bruton’s tyrosine kinase (BTK), an
enzyme that is active in certain cancer cells. The
drug is one of several covalent BTK inhibitors that
researchers began pursuing in the first decade of
the 2000s—Avila’s BTK inhibitor was bought by
Celgene in 2012. Along with EGFR inhibitors, they
were among the first drug candidates to be de-
signed to act covalently.

Ibrutinib was originally designed at Celera Ge-
nomics in 2005 as a tool for studying the biology
of BTK. Celera sold the compound in 2006 as part
of a package deal to Pharmacyclics, which took the
molecule through clinical development.

“Part of the reason ibrutinib caused people to
take note is because it had been dismissed by a
lot of people in pharma,” Erlanson says. Many
looked at the structure and thought it wouldn’t be
selective. But the US Food and Drug Administra-
tion approved the compound to treat mantle cell
lymphoma in 2013, and it is now used to treat five
other types of cancer too. “That caused people to
reassess their assumptions,” Erlanson says.

Another consideration: ibrutinib brings in a lot
of money. Its success prompted AbbVie to pay
$21 billion for Pharmacyclics in 2015.

Roman Fleck, CEO of Janpix, a biotech firm
working on covalent inhibitors, says he and his
colleagues see ibrutinib as a benchmark against
which they judge their drug candidates. “It was
the first molecule that validated in a big way that
covalent inhibition is worthwhile—at least in on-
cology,” he says.

Designing from scratch

Since 1990, the FDA has approved 55 drugs
with a covalent mechanism of action, according
to a 2022 analysis by Singh (J. Med. Chem., DOL:
10.1021/acs.jmedchem.1c02134). Many approved
in the last decade had shapes and scaffolds that
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had not appeared in any previous FDA-approved
drugs. The novelty of the approved covalent drugs
in the 2010s is a spike compared with the 2 drugs
with novel shapes and scaffolds approved by the
FDA in the first decade of the 2000s and none in
the 1990s.

The boost in structural novelty points to an-
other shift in the area of covalent drugs. Chemists
designing covalent kinase inhibitors from 2000
to the early 2010s took molecules that bound re-
versibly to their targets and outfitted them with a
reactive group, like an acrylamide or a chloroacet-
amide, that could latch on to an amino acid in the
target.

While medicinal chemists still use that strategy,
scientists are now able to find covalent inhibitors
without starting from a molecule that already binds
to the target reversibly. Instead, they screen their
targets with libraries of small reactive fragments to
find ones that make covalent bonds. Those become
the starting point for designing covalent inhibitors
that can latch on to targets that don’t have deep
pockets for a molecule to bind within—targets
once considered intractable, like KRAS G12C.

KRAS is a key protein involved in the signal-
ing processes that make cells divide and prolifer-
ate. But KRAS and its family members, mutants of
which are found in 30% of cancers, are smooth as
cue balls. Drug developers spent decades trying—
and failing—to find a toehold on the proteins.

In 2013, a team led by Kevan Shokat of the Uni-
versity of California, San Francisco, found a possi-
ble way to covalently inhibit one of those mutants,
KRAS GI12C, in which the glycine at the peptide’s
12th amino acid has been swapped out for a cys-
teine. Shokat discovered that the sulfur in KRAS
G12C’s mutant cysteine could act as a nucleophile
and covalently latch on to a small-molecule elec-
trophile. And because that mutation is present only
in cancer cells, regular KRAS would be unaffected.

“When you’re doing reversible binding, you
can take advantage of van der Waals interactions
and salt interactions and water,” Shokat says. “But
when you’ve got a nucleophile and an electrophile,
it’s a reaction, so it’s got a much steeper transition
state. You’ve got to get everything right.”

In the case of KRAS GI12C, Shokat says, the
key was that the acrylamide electrophile the re-
searchers used was perfectly poised to react with
the cysteine, with an assistive tug from a nearby
lysine. When they tried a similar strategy with
KRAS G13C, a mutant in which a glycine just one
position further along the protein chain is modi-
fied to a cysteine, they couldn’t get anything to
work. “It’s probably because it’s too far from the
lysine,” Shokat says.

That work inspired a number of companies to
make compounds that latch on to that cysteine. “I


https://cen.acs.org/articles/94/i23/drug-hunters-finally-cracked-KRas.html
http://shokatlab.ucsf.edu/
https://cen.acs.org/articles/91/i47/Cancer-Protein-Meets-Match.html
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https://cen.acs.org/articles/93/i10/Abbvie-Wins-Pharmacyclics.html
https://cen.acs.org/articles/93/i10/Abbvie-Wins-Pharmacyclics.html
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c02134
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think KRAS represents a real change in the way
that people looked at covalent inhibitors,” says
Victor Cee, vice president of chemistry at Onco-
valent Therapeutics. Before joining Oncovalent,
Cee worked at Amgen on the first KRAS GI2C in-
hibitor to enter clinical trials, sotorasib. Cee says
the KRAS GI12C inhibitors that have gone into clin-
ical trials came from screening for and then itera-
tively optimizing molecules that could react with
cysteine.

Chemists didn’t understand if they were opti-
mizing the molecules’ binding affinity or their rate
of reaction, Cee says, and successful KRAS GI2C
inhibitors are “oddball molecules” compared with
the kinase inhibitors that had been retrofitted with
a reactive handle. The drugs that eventually went
into the clinic generally don’t have a strong affin-
ity for KRAS GI2C, but when they do bind, they
react quickly with that cysteine on the protein. So
chemists don’t need to get a lot of their covalent
inhibitors onto the target as long as they react
quickly during a chance encounter.

“This opens up a whole new world of targets
for covalent inhibition,” Cee says. A huge family
of proteins is considered undruggable because it’s
impossible to get a high enough concentration of
drugs onto a target to effectively silence it, he says.
The KRAS work shows there’s a different way.

Larry Burgess, head of chemistry at Vividion
Therapeutics, remembers reading the work from
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a tool in the toolbox; they are a paradigm unto
themselves that really offers a lot of advantages,”
Burgess says.

Progress with proteomics

So drugmakers had figured out how to design
covalent inhibitors. They’d shown that they could
be effective drugs. And they’d used them to go af-
ter some challenging targets.

But there still remained the question of
selectivity.

Would you develop a covalent drug only to find
out late in development that it has an off-target ef-
fect you didn’t know about and can’t work around?
“In every project, that is the biggest fear,” Cee says.

Those fears have largely subsided, thanks to pro-
teomic screening, according to Burgess and Cee.
This technique allows drug developers to look at all
the proteins expressed by a cell or an organism and
see if their candidate compound will, for example,
latch on to only a specific cysteine or if it will make
bonds to cysteines in other proteins as well. It is es-
sentially a competition experiment in which scien-
tists expose a proteome—all the proteins in a bio-
logical system—to a small molecule that covalently
binds to a specific amino acid on a protein of inter-
est. They then throw in a probe that would mod-
ify that amino acid indiscriminately and use mass
spectrometry to see which proteins have made co-
valent bonds to the small mole-
cule instead of the probe.

“Before the rise of these
high-throughput proteom-
ic techniques, it was kind of a
shot in the dark if I said, ‘T’'m
going to make a covalent inhib-
itor,’” Cee says.

SN Proteomic screening “gives
people confidence that they’re

= S, . o
N~ O O not going in blind,” says Ben-
N

— y jamin F. Cravatt of Scripps Re-

HsC search in California, who pio-

neered the technique and co-

MRTX849 founded Vividion in 2014 to use

the method for drug discovery.

MRTX849’s acrylamide (red in the structure, right) forms a covalent bond to a cysteine’s “Our goal all along was to try to

sulfur (yellow) in KRAS G12C (shown in the crystal structure on the left).

Shokat’s team when it came out. At the time, Bur-
gess was executive director of drug discovery
at Array BioPharma, and he and the company’s
chief scientific officer decided that day that they
had to go after KRAS GI2C. They’d already got-
ten comfortable with the idea of covalent drugs,
he says, through earlier work to modify reversible
kinase inhibitors. After seeing Shokat’s strategy,
they wanted to see if they could create a drug us-
ing a de novo approach. The company ultimately
teamed up with Mirati Therapeutics to develop
MRTX849, another KRAS G12C covalent inhibitor
that is in clinical trials.

“That experience really solidified for me that
covalent drugs are the way. Not only are they

demystify the process of cova-

lent ligands in drug discovery,
to try to make it more of a science with data that
can drive decision-making,” Cravatt says.

In the late 1990s, his lab started looking in the
proteome for amino acid residues that are good nu-
cleophiles and can latch on to small electrophiles—
precisely what someone developing a covalent drug
would want to know. The technique is mostly used
to look for nucleophilic cysteines and serines, but
it can be applied to other residues, too, like lysines
and tyrosines. As high-throughput mass spectrome-
try-based methods became more advanced, Cra-
vatt says, “it was clear that you can actually make a
pretty rigorous science out of covalent-ligand drug
discovery, probably a more rigorous science than
you can make out of reversible-ligand discovery.”
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That’s because the mass spectrometry can directly
detect when a bond has been made, but it can’t do
the same for reversible interactions.

Cravatt says he encountered a lot of skepticism
when he first suggested the technique to pharma-
ceutical companies a decade ago. But since then,
drugmakers have used it to go back and determine
whether marketed covalent drugs and clinical can-
didates are selective for their protein targets. And
they’ve been using proteomic screening as a tool
in current campaigns. Consequently, Cravatt says,
“a lot of the drugs that are now being developed
are way more selective than the ones that have al-
ready been approved.”

John Tallarico, who heads chemical biology
and therapeutics at the Novartis Institutes for
BioMedical Research, agrees. “Over and over, 'm
surprised with how clean these molecules are. I'm
not saying they only interact with one target, but
it’s not hundreds; it’s tens of targets sometimes,
which is fantastic.”

Finding footholds

Using proteomics and reactive fragment screen-
ing to go after targets that were once considered
undruggable is an area that’s hotly pursued by
many companies, including Novartis, Vividion,
and Frontier Medicines, a start-up cofounded by
Daniel Nomura, a professor at the University of
California, Berkeley, who studied with Cravatt as a
postdoctoral fellow.

Over 90% of proteins in humans are considered
undruggable, Nomura says. “I would argue that’s
one of the biggest bottlenecks in modern drug dis-
covery.” But, he says, combining proteomic screen-
ing and approaches for discovering covalent small
molecules, like using libraries of small reactive
fragments to find reactive residues, has “enabled
us to tackle areas of the proteome, particularly the
undruggable proteome, in ways that we couldn’t ac-
cess before.”

In collaboration with Tallarico and others at No-
vartis, Nomura’s lab recently reported it was able
to find a small molecule that covalently binds to
MY, a transcription factor, or gene-reading pro-
tein, that promotes cell growth and proliferation.
Scientists have long considered MYC to be a key
driver of cancer, but, like most transcription fac-
tors, much of the protein is disordered. “There’s
no obvious pocket on this for us to stick a small
molecule in, even as a tool,” Tallarico says.

Using proteomic screening, Nomura and co-

workers found a cysteine within a disordered re-
gion of MYC that they realized they could use to
grasp a molecule. They then screened a library of
small molecules and found one that targets this
intrinsically disordered region, destabilizes MYC,
and leads to its destruction.

Tallarico says the small molecule is an interest-
ing tool, but he doesn’t think it will become a drug.
Nomura says his team is trying to repurpose the
molecule as a starting point for a protein degrader,
a bifunctional molecule that binds to both a pro-
tein of interest and an enzyme that helps tag the
protein for breakdown.

Researchers at Janpix have also had some suc-
cess using covalent inhibitors to block transcrip-
tion factors, in this case two proteins related to
blood cancers, STAT3 and STATS5. The compa-
ny has been working with University of Toronto
Mississauga medicinal chemist Patrick Gunning
on a family of small molecules targeting STAT3
and STATS5. Not only do the molecules covalently
bind to these targets, but in the case of STATS5, the
inhibitors also unravel the protein so that it gets
degraded, Janpix’s Fleck says. The company, which
became part of Centessa in 2021, is looking for
third-party financing to pay for preclinical devel-
opment of one of its candidates, Fleck says.

Ties that bind

The Janpix molecules also stand out because
they have an unusually reactive handle. Ibrutinib,
sotorasib, MRTX849, and many other covalent
drugs and drug candidates use an acrylamide as
their electrophilic handle, which gets attacked by
cysteine nucleophiles.

“Acrylamides are getting to be really popular
because people have figured out a lot of the rules
for their reactivity and how to modulate that reac-
tivity effectively,” Oncovalent’s Cee says. “They’re
the Goldilocks electrophile.” Acrylamides also
have a history of success, and they’re not difficult
to add to a molecule later in a synthesis. “If you
can use an acrylamide, you would,” Cee says.

In contrast, the reactive handle on Janpix’s mol-
ecules is a pentafluorobenzene sulfonamide. Cyste-
ines go after this handle too, latching on to the para
position of the pentafluorobenzene and displacing
the fluoride there. The molecules are outfitted with
other groups that encase the reactive pentafluoro-
benzene and spring open only when they encoun-
ter STAT3 and STATS, Fleck explains. This reactive
electrophile is new in covalent drugs, “so people

Combining proteomic screening and approaches for discovering
covalent small molecules, like using libraries of small reactive
fragments to find reactive residues, has “enabled us to tackle areas of
the proteome, particularly the undruggable proteome, in ways that we

couldn’t access before.”
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are unfamiliar with it, and people may have reser-
vations about it,” he says. “But an acrylamide
could not be shielded in the same way.”
There are already a few approved drugs
that feature reactive handles and aren’t
based on acrylamides—for example,

the anticancer drug bortezomib uses H2N
a boronic acid to bind to a threonine, .
and the antibiotic fosfomycin uses an W/

epoxide to target a cysteine. But they N
are exceptions rather than general class-
es that medicinal chemists can use.

Medicinal chemists who want to target amino
acids other than cysteine are going to have to look
for reactive groups beyond acrylamides, says Mat-
thias Gehringer, a medicinal chemist at the Uni-
versity of Tiibingen who is studying new reactive
groups for covalent inhibitors. The conjugate ad-
dition chemistry that works so well to link cyste-
ine’s sulfur to the acrylamide isn’t suited to other
amino acids, he says.

Determining how to create reactive small mole-
cules that selectively latch on to amino acids like
lysine, tyrosine, and aspartate is going to take cre-
ative chemistry, UCSF’s Shokat says. “Whenever I
go to give talks at chemistry departments and have
lunch with the students, I always tell them, ‘We
need reactions that work in water and attack aspar-
tate,” he says. That’s because the KRAS that drives
pancreatic cancer has a mutant aspartate. Finding a
molecule that could selectively lock on to that ami-
no acid, Shokat says, “would be fantastic.”

Several academic chemists are developing new
reactive groups for amino acids beyond cysteine.
UC Berkeley chemists Christopher J. Chang and
F. Dean Toste have used oxaziridines that latch on
to methionines in proteins, for example.

The sulfur(VI) fluoride exchange, a type of
click chemistry developed by K. Barry Sharpless
at Scripps Research in California, offers one way
medicinal chemists can tack small molecules on
to other amino acids, including tyrosines, lysines,
serines, histidines, and threonines. Chemical intu-
ition suggests that the sulfonyl fluorides and sul-
furamidimidoyl fluorides developed in Sharpless’s
lab wouldn’t be very selective, but these substitu-
ents have proved otherwise. They hook up with an
amino acid only when the protein environment is
just right.

This feature prompted the lab to nickname
these groups “sleeping beauties.” Only when the
molecules encounter the right amino acid prince
will they awaken for the key bond-making event.
Sharpless says they are still trying to establish
what makes the perfect protein environment for
the sulfur(VI) fluoride exchange to occur. He sus-
pects there must be a positively charged amino
acid nearby that pulls the fluoride away so that the
sulfonyl or sulfuramidimidoyl makes a covalent
bond to the amino acid.

As they develop new reactive electrophilic han-
dles, chemists have also created molecules that
form covalent bonds reversibly—that is, they can
be broken and remade at various sites on a protein
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This opens
up a whole
new world
of targets
for covalent
inhibition99
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target. Voxelotor, a sickle cell disease drug devel-
oped and sold by Global Blood Therapeutics as Ox-
bryta, features an aldehyde reactive handle that re-
versibly attaches to the N-terminus of hemoglobin
to prevent it from polymerizing in red blood cells.

“The chemistry is as old as organic chemistry,”
UCSPF’s Jack Taunton says of revers-
ible covalent inhibitors. “And apply-
ing reversible covalent approaches to
drug discovery is also very old.” The

antidiabetic drug saxagliptin, approved
by the FDA in 2009, uses a nitrile to reversibly
bind to a catalytic serine on a key protease.

But reversibly binding to noncatalytic residues
is relatively unexplored, Taunton says. His lab
has made reversible covalent inhibitors using cy-
anoacrylamides as electrophiles. He notes that a
cyanoacrylamide is the key electrophile in rilz-
abrutinib, a BTK inhibitor that was developed by
Principia Biopharma and is currently in late-stage
clinical trials for immune-mediated diseases. The
reversibility of the covalent bond lets the com-
pound attach and detach from cysteines in various
kinases at different rates, Taunton says. Although
the details of rilzabrutinib’s selectivity haven’t
been disclosed, the compound seems to spend
more time on BTK than it does on other kinases.

While much of the innovation in designing cova-
lent drugs has been in oncology, medicinal chem-
ists are using covalent inhibition for other diseases
too. The coronavirus pandemic brought an explo-
sion of work to develop covalent inhibitors of the
main protease of SARS-CoV-2. This protease’s ac-
tive site has a cysteine that’s essential for its activ-
ity and therefore a good nucleophilic target for ei-
ther reversible or irreversible covalent molecules.

Part of the COVID Moonshot project is devoted
to screening small fragments that make covalent
bonds to that key cysteine with the goal of using
that affinity to create drugs. Similarly, Novartis’s
Tallarico says the company is working on covalent
inhibitors of SARS-CoV-2. And Pfizer’s antiviral
Paxlovid contains nirmatrelvir, which incorpo-
rates a nitrile as an electrophile. Pfizer announced
on June 30 that it had submitted a new drug ap-
plication for full FDA approval to treat COVID-19.

As the boom in covalent drugs continues, re-
searchers say there’s still plenty of room for inno-
vative chemistry. Whether it’s making new reactive
groups, expanding the libraries that are used to
screen possible targets, or establishing footholds
on proteins previously thought to be undruggable,
chemists have a valuable role to play. “I think we’re
at a stage now where covalent ligands in drug dis-
covery are here to stay,” Scripps’s Cravatt says. “I
think many companies and many academic labs
would prefer a covalent ligand over a noncovalent
ligand, which is amazing to say, because 10 years
ago that would have been blasphemy.” m

This article is reprinted with permission from C&EN.
A version of this article was published on Nov. 9,
2020 on cen.acs.org and in digital and print issues
on page 28.
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We choose 16 promising
companies pursuing
new covalent drugs

3 Acerta Pharma

Acerta Pharma

acerta-pharma.com

Based: Oss, the Netherlands

Launched: 2013

Money raised in start-up funding
rounds: $60 million

Publicly traded: No

Key partnerships: AstraZeneca

Strategy: Acerta Pharma focuses on
the development of covalent binding
technology solutions to create therapies
for cancer.

Why watch: AstraZeneca acquired a
majority stake in the company in 2016.
AstraZeneca’s interest was driven by
acalabrutinib, Acerta’s lead inhibitor for
Bruton’s tyrosine kinase (BTK). The US
Food and Drug Administration approved
the drug in 2017.

Ankaa Therapeutics

ankaatx.com

Based: Southborough,
Massachusetts

Launched: 2014

Money raised in start-up funding
rounds: Not disclosed

Publicly traded: No

Key partnerships: Not disclosed

Strategy: Ankaa Therapeutics
develops targeted small-molecule
drugs and therapies, including covalent
drugs, intended to address drug
resistance and cancer treatments.
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Why watch: The company’s
president and chief scientific officer,
Juswinder Singh (page 5), is a pioneer
in the discovery and development of
targeted covalent drugs.

&£\, Atomwise

Atomwise

atomwise.com

Based: San Francisco

Launched: 2012

Money raised in start-up funding
rounds: $176.6 million

Publicly traded: No

Key partnerships: Sanofi

Strategy: Atomwise uses artificial
intelligence for structure-based drug
discovery, focusing on targets previously
thought to be undruggable.

Why watch: The company aims
to train its deep learning algorithm
to identify and characterize covalent
inhibitors.

BeiGene

beigene.com

Based: Beijing

Launched: 2010

Money raised in start-up funding
rounds: $172 million

Publicly traded: Yes

Key partnerships: Amgen, Bristol
Myers Squibb, Novartis

Strategy: BeiGene is a clinical stage
biopharma company developing
targeted and immuno-oncology drugs
that address unmet medical needs

in a variety of cancer indications.

Why watch: BeiGene’s covalent
BTK inhibitor zanubrutinib has been
approved for the treatment of mantle
cell lymphoma, Waldenstrom’s
macroglobulinemia, marginal zone
lymphoma, and chronic lymphocytic
leukemia. BeiGene is also investigating
zanubrutinib, both as a monotherapy
and in combination with other drugs,
to treat a variety of additional B-cell
malignancies.
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therapeutics

Bridge Biotherapeutics

bridgebiorx.com

Based: Seongnam, South Korea

Launched: 2015

Money raised in start-up funding
rounds: Not disclosed

Publicly traded: Yes

Key partnerships: Scripps Research

Strategy: Bridge Biotherapeuticsis a
clinical stage biotech company focusing
on unmet medical needs in areas such
as ulcerative colitis, fibrotic diseases, and
cancers.

Why watch: In February 2022, the
firm launched a collaboration with
Scripps Research to discover and
characterize novel reactive groups that
covalently target noncysteine amino
acids. This makes it possible to access
new druggable sites in targets of high
therapeutic value.
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BridGene Biosciences

bridgenebio.com

Based: San Jose, California

Launched: 2018

Money raised in start-up funding
rounds: $50.5 million

Publicly traded: No

Key partnerships: Takeda
Pharmaceutical

Strategy: BridGene Biosciences uses
chemoproteomic technology to perform
proteome-wide screening of small
molecules in live cells. The approach
identifies highly selective small molecules
that bind traditionally undruggable
targets.

Why watch: The company has used
its platform to pinpoint several potential
oncology targets. Takeda is now using the
platform, and BridGene may be eligible
for more than $500 million in up-front
and milestone payments from that
partnership.

>)<< CENTESSA

PHARMACEUTICALS

Centessa Pharmaceuticals

centessa.com

Based: Cambridge, Massachusetts

Launched: 2021

Money raised in start-up funding
rounds: $250 million

Publicly traded: Yes

Key partnerships: None

Strategy: Centessa Pharmaceuticals
was formed by the merger of 10 biotech
companies, each with its own portfolio
of highly validated programs. Centessa
provides oversight and manufacturing,
regulatory, and operational support for
the programs under its umbrella.

Why watch: One of the companies
that went into Centessa was Janpix,
which is developing a novel class
of small-molecule covalent drugs
for the treatment of hematological
malignancies, including leukemias and
lymphomas.

@,

Enlaza Therapeutics
Based: San Diego
Launched: 2021

enlazd

THERAPEUTICS

Money raised in start-up funding
rounds: $4 million

Publicly traded: No

Key partnerships: None

Strategy: Enlaza aims to transform the
field of biologic therapeutics by applying
the concept of covalency to protein
biologic drugs.

Why watch: Enlaza is about to emerge
from stealth mode, and it is the first
company to work on covalent protein
drugs.

Vv FRONTIER

MEDICINES

Frontier Medicines

frontiermeds.com

Based: South San Francisco

Launched: 2018

Money raised in start-up funding
rounds: $155.5 million

Publicly traded: No

Key partnerships: AbbVie

Strategy: Frontier Medicines uses
chemoproteomics, covalent drug
discovery, and machine learning to
develop medicines. It is beginning with
anticancer therapies against disease-
causing proteins previously considered
undruggable.

Why watch: Its collaboration
with AbbVie will use Frontier’s
chemoproteomics platform to identify
small molecules for oncology and
immunology targets.

GBTW

Global Blood Therapeutics

gbt.com

Based: South San Francisco

Launched: 2011

Money raised in start-up funding
rounds: $88.7 million

Publicly traded: Yes

Key partnerships: None

Strategy: Global Blood Therapeutics
is a clinical stage biopharmaceutical firm
that focuses on developing treatments
for sickle cell disease.

Why watch: GBT’s first therapy for
sickle cell disease, voxelotor, received
FDA approval in December 2021, and
the company has several other potential
treatments under investigation.

B
@ Biosciences

Pardes Biosciences

pardesbio.com

Based: Carlsbad, California

Launched: 2020

Money raised in start-up funding
rounds: $51.6 million

Publicly traded: Yes

Key partnerships: None

Strategy: Pardes Biosciences uses
structure-based drug design and a
reversible covalent chemistry platform to
develop antivirals for SARS-CoV-2.

Why watch: Founded by former
executives from Assembly Bio, Gilead,
and other pharmaceutical companies,
Pardes is developing PBI-0451 as an
oral antiviral drug designed to inhibit the
SARS-CoV-2 main protease, which has
a sequence that is highly conserved in
proteases across all coronaviruses.
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SCORPION

Scorpion Therapeutics

scorpiontx.com

Based: Boston

Launched: 2020

Money raised in start-up funding
rounds: $270 million

Publicly traded: No

Key partnerships: AstraZeneca

Strategy: Scorpion Therapeutics
aims to broaden the reach of precision
medicine in oncology, by developing
drugs for targets previously considered
undruggable.

Why watch: In partnership with
AstraZeneca, Scorpion is using covalent
chemistry to find ways to target
transcription factors and other difficult-
to-drug proteins.

Q), TERREMOTO

Terremoto Biosciences

terremotobio.com

Based: South San Francisco

Launched: 2021

Money raised in start-up funding
rounds: $75 million

Publicly traded: No

Key partnerships: None

Strategy: Terremoto Biosciences aims
to expand the alphabet of amino acids
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available to covalent drugs by developing
molecules that latch onto the amino acid
lysine rather than cysteine.

Why watch: Moving beyond cysteine
to target other amino acids is one of the
next major areas of study in covalent drug
discovery.

gene in the human genome to find drugs
for undruggable targets.

Why watch: The company’s lead
compound, TOS-358, is the first highly
specific, potent inhibitor of the protein
made by the common oncogene PI3K.
The drug should enter Phase 1 trials soon.

Totus Medicines

totusmedicines.com

Based: Emeryville, California

Launched: 2020

Money raised in start-up funding
rounds: $40 million

Publicly traded: No

Key partnerships: None

Strategy: The Totus Medicines
platform uses covalent chemistry and
artificial intelligence to create and screen
molecules across every protein-coding

pockets on the surface of proteins and
identify small molecules that selectively
bind to those targets.

Why watch: The company, which
was acquired by Bayer in August 2021, is
optimizing leads for several oncology and
immunology drugs.

+ vividion
THERAPEUTICS
Vividion Therapeutics
Vividion.com
Based: San Diego
Launched: 2013
Money raised in start-up rounds:
$371.5 million
Publicly traded: No
Key partnerships: Bayer
Strategy: Vividion Therapeutics uses
its chemical proteomics platform to
discover previously unknown functional

Note: Companies were included because of the
novelty and potential of their methods, amount of
capital raised, number of partnerships, and number

and identity of investors.

: Sources: Crunchbase

i (accessed August 2022),
i company websites, news
i reports.

X-CHEM?®

TAKE THE LEAD. DRIVE DISCOVERY.

X-Chem

x-chemrx.com

Based: Waltham, Massachusetts

Launched: 2009

Money raised in start-up rounds: Not
disclosed

Publicly traded: No

Key partnerships: None

Strategy: X-Chem provides
biotechnological services, including using
artificial intelligence for drug discovery
and medicinal chemistry.

Why watch: The company recently
completed a proof-of-concept study
that used its chemical library to generate
large numbers of potential covalent
inhibitors.
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Looking to lysine

SHI EN KIM, C&EN STAFF

isbehaving proteins are

behind many diseases.

One way drugmakers

incapacitate these bad
actors is to deploy molecules that bind
to them. But finding solid footholds on
the proteins to block their action isn’t
always easy.

Drugs that form covalent bonds with proteins
latch irreversibly onto their targets. This means
they have a longer action time and are effective
in smaller doses than noncovalent drugs, which
can come and go from the proteins they attach to.
In recent years, covalent molecules have become
increasingly popular among drug developers for
their potency and their ability, if designed proper-
ly, to bind selectively to their intended targets and
shut them down for good.

Covalent drugs usually zero in on reactive ami-
no acid side chains that jut from the surface or
nooks of a disease-causing protein. For the past
few decades, efforts to develop covalent drugs
have targeted cysteine. But now another amino
acid promises to vastly expand the space of drug-
gable targets: lysine.

An alternative to cysteine

Cysteine as a covalent binding site is a double-
edged sword. On the one hand, it offers some
degree of selectivity: the fraction of cysteine-
containing proteins in the human body is small, so
drug molecules have fewer opportunities to bind
to the wrong place. On the other hand, many pro-
teins lack a cysteine, which puts them out of con-
tention as potential covalent drug targets.

Lysine promises to make many more human
proteins available to target with covalent drugs.
This amino acid residue is nearly three times as
abundant as cysteine in the body: an average of
32 lysines dot every protein.

Research on cysteine-targeting covalent drugs
has also found that some cancer-related proteins,
such as the epidermal growth factor receptor, can
mutate to swap out their cysteine residue for an-
other amino acid, rendering the once-druggable
protein impervious to attack. Homing in on lysine
promises a lower probability of proteins picking
up mutations that lead to drug resistance. That’s
because, for certain large classes of proteins such

A small
molecule
carrying an
aldehyde
group
covalently
binds to
alysine
(yellow
segment
on the blue
ribbon) on
a kinase
protein.

as in kinases, the lysine is critical to the protein’s
function and can’t be substituted for another
amino acid. As a drug target, lysine isn’t just ver-
satile—it’s also reliable.

Lysine has already drawn interest from the phar-
maceutical industry. Several companies develop-
ing covalent drugs are looking to this amino acid
after focusing on the well-established cysteine.

“There is tremendous utility in being able to
expand the covalent alphabet to lysine,” says Pe-
ter Thompson, CEO and cofounder of Terremoto
Biosciences, a San Francisco-based company that
recently emerged to develop lysine-based covalent
drugs. The company, which has not disclosed de-
tails about diseases it is targeting, expects compe-
tition in the future: “There will probably be many
companies that will pursue this,” Thompson says.

Experts figure that lysine is more than a de-
cade behind cysteine as a covalent drug target.
There are no lysine-targeting drugs available
yet, while cysteine drug developers boast several
game-changing medicines, such as the anticancer
drugs ibrutinib and osimertinib. But the field of ly-
sine covalency is “being developed as we speak,”

032022 « DISCOVERY REPORT |/


https://cen.acs.org/business/Terremoto-launches-75-million-covalent/100/i19
https://cen.acs.org/business/Terremoto-launches-75-million-covalent/100/i19
https://cen.acs.org/acs-news/programs/Celebrating-industrys-impact-ACSs-Heroes/97/i43
https://cen.acs.org/acs-news/programs/Celebrating-ACSs-Heroes-Chemistry/96/i42

Thompson says. “We’re moving very rapidly—
faster than I thought.”

Lysine’s potential

Among all the amino acids, cysteine is drug-
makers’ top choice for a covalent target because
it’s the most nucleophilic and hence reactive. That
means it’s the most eager among the amino acids
to share its electrons with an electrophile to make
a bond. Lysine is slightly less nucleophilic, so it’s a
logical next covalent target.

Despite their prevalence, not all lysines are
options as drug-docking sites. When exposed to
an acidic or even mildly basic environment, such
as at the physiological pH of 7.4, lysine can become

e
A
SH

Cysteine residue

O

%%/N", _;

NH,
Lysine residue

protonated and will no longer make a covalent
bond. So drug discovery efforts typically go after
lysines nestled within the inner folds of a protein,
where they are protected from protonation.

To explore the extent of lysine’s potential,
researchers recently charted the landscape of
lysines in human proteins to look for druggable
sites. Their effort showed plenty of opportuni-
ties in this relatively unexplored space. Chemist
Mikail Abbasov of Cornell University and col-
leagues combed through the proteins in human
immune cells and cancer cells for lysines

To bind or not to bind

Lysine’s lower nucleophilicity compared with
cysteine requires that researchers use more re-
active electrophiles as drug candidates. But that
reactivity may make the electrophiles less stable,
causing them to potentially react with water, en-
zymes, or other compounds in the bloodstream.
Drugmakers need to balance reactivity with stabil-
ity in electrophile design.

Scientists led by Maurizio Pellecchia of the Uni-
versity of California, Riverside, have approached
this balance from both directions: in one case they
started with a highly reactive sulfonyl fluoride
and reined it in by tacking on the right electron-
donating groups (J. Med. Chem. 2021, DOI: 10.1021/
acs.jmedchem.1c01459). In another case, the re-
searchers designed a workaround to coax reluc-
tant fluorosulfates to react. They made a molecu-
lar scaffold to hold the fluorosulfate group across
from the lysine of interest long enough for the two
to form a covalent bond (J. Med. Chem. 2019, DOL:
10.1021/acs.jmedchem.9b01108).

Pellecchia is marching these custom-made fluo-
rosulfate molecules toward commercialization.
He is the president and founder of Armida Labs,
which is seeking seed funding as it moves to test
its best candidate, called CovaLys, in mouse mod-
els to treat cancer.

One of the key components of a covalent drug
molecule is, ironically, its noncovalent portion: the
ligand that’s attached to the electrophile. While
the electrophile forms the covalent bond to the
amino acid, the ligand strikes up noncovalent in-
teractions with the protein frame surrounding
the correct amino acid target, thereby guiding the
drug to the right spot. The ligand reinforces the at-

traction to the site of interest, locking the

that could be targeted given their pro- “I see |t as having electrophile in place so that a covalent

tected location in the protein (Nat. Chem.

bond with the right amino acid can form.

2021, DOI: 10.1038/541557-021-00765-4). @ compound with Cysteine-selective drugs already use

The researchers mapped more than

14,000 lysines; at least 3,000 were po- the best Of the

tentially druggable with a covalent

this trick, but it’s even more critical when
abundant lysine is the target.
Scientists at Kyoto University, for ex-

molecule. tWO Worlds—the ample, employed a ligand to guide highly

The group also performed exper-

iments to evaluate various reactive Covalent and

groups’ efficiency at binding to the ly-

L
sines at different sites. Understanding noncovalent.

their binding behavior could provide a

starting point for covalent drug design. “This was
the first work that not only assessed the reactivi-
ty of a large variety of small molecules,” Abbasov
says, “but also screened in cancer and immune
systems” for lysines that small molecules could
bind to. The landscape is vast for covalent drug
candidates that seek out lysine. “There are a lot of
things to explore,” he says.

“There’s been a lot of work in the lysine-tar-
geting field, especially in the last 5 years,” says
Katya Vinogradova, a chemical biologist who
studies immunology and proteomics at the Rocke-
feller University. “The [lysine covalent] platform
is very powerful.”
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reactive sulfonamide groups onto a lysine

on Hsp90, a protein typically found in can-

cer cells (Nat. Commun. 2018, DOI: 10.1038/

s41467-018-04343-0). Their molecule was

able to tamp down the expression of the
protein and suppress cancer cell growth.

Without the bulky ligand, the antsy sulfon-
amide would stray to other lysines and even wa-
ter molecules in the protein environment, says
Itaru Hamachi, the chemical biologist who helmed
the research. “The ligand [gave] us binding and
selectivity.”

Making and breaking covalent
bonds

Another emerging strategy to achieve selectiv-
ity is counterintuitive: some researchers are mov-
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ing from fully covalent drugs to explore molecules
that bind to proteins covalently but reversibly. In
this case, the irreversible bond that first sold sci-
entists on covalent drugs is now deliberately engi-
neered to be breakable.

“I see it as having a compound with the best of
the two worlds—the covalent and noncovalent,”
Abbasov says.

Engineering reversibility into the bond con-
tributes to the drug candidate’s selectivity by giv-
ing it room for self-correction. The electrophiles
are still reactive enough to form strong covalent

The drug candidate Covalys binds covalently to a lysine in the cancer-
linked protein XIAP.

bonds, but they will detach from off targets un-
til they find the lysine that they have the most
affinity with, which is, by design, on the target
protein.

Irreversible electrophiles’ selectivity depends
only on one rate constant—a factor called the on
rate, which is the rate the molecule attaches to
the right lysine site, according to Jack Taunton, a
chemist at the University of California, San Fran-
cisco. “With reversible electrophiles, you also
have an off rate, and so it just gives you an extra
dimension of selectivity.”

By tinkering with this off rate of covalent bond
formation, Taunton’s team of researchers demon-
strated that its aldehyde-based covalent inhibitors
eventually landed on the desired proteins and didn’t
stay put on the wrong targets, despite the high on
rate. The team showed that a collection of these
molecules could selectively seek over 200 different
protein targets in human cell lines and mice (Nat.
Chem. Biol. 2022, DOT: 10.1038/541589-022-01019-1).

Taunton has another reason to bet on
aldehydes: there’s a precedent for drugs that rely
on these functional groups, suggesting they can
be safe in the human body. In 2019, the US Food
and Drug Administration approved Global Blood
Therapeutics’ voxelotor to treat sickle cell disease.
The compound relies on an aldehyde to bind to an
N-terminal amine on hemoglobin.

And although Novartis decided for business
reasons to abandon it, the company took the
reversible covalent inhibitor roblitinib, a cysteine-
seeking aldehyde, through Phase 2 clinical trials
as a potential therapy for liver cancer. Neither of
these molecules targets lysine, but Taunton thinks
a lysine-based covalent drug with an aldehyde
handle has good odds of being safe.

Taunton hopes engineering delicately balanced,
reversible agents will eventually allow him to hit
a loftier goal: molecules that anchor on surface ly-
sines just outside the protective inner pockets of
proteins. These targets are swarmed with water
molecules that weaken the lysine’s nucleophilicity,
so the optimal trade-off between the reactivity of
the electrophile and the stability of the reversible
interactions is tricky to achieve.

“It’s going to require really paying close atten-
tion to the chemistry,” Taunton says.

Lots to do for lysine

Fashioning effective covalent drugs requires
putting all the pieces together. “Everything mat-
ters—the scaffold, the [electrophile] reactivity,
and the local environment surrounding the lysine
residue,” Abbasov says. There is no one electro-
phile candidate that stands above the rest; the
more researchers can devise, the more options
will be available to tailor a drug to a specific lysine
on a candidate protein.

Despite its abundance, lysine isn’t meant to
replace cysteine as the covalent target of choice.
Instead, researchers hope that cysteine and ly-
sine will complement each other to widen the
overall druggable space. Researchers are al-
ready exploring ways to covalently snare other
amino acids, such as tyrosine and serine. Each
brings its own challenges but has the potential
to expand drug developers’ disease-fighting
repertoire.

A breadth of options will be a win beyond drug
development: researchers can use the same chem-
istry to tag amino acids with covalent molecular
probes that can discover a protein’s secrets. Hav-
ing more sites available to bind to allows scientists
to poke, prod, and modify a protein to better un-
derstand its structure and function.

“There’s a lot to do in this field,” Abbasov says.
“This is just the beginning of what we can envi-
sion for the future.”

This article is reprinted with permission from C&EN.
A version of this article was published on Aug. 29,
2022, on cen.acs.org and in digital and print issues
on page 15.
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