
News from New Chemistry Professors iN switzerlaNd CHIMIA 2020, 74, No. 9 659
doi:10.2533/chimia.2020.659 Chimia 74 (2020) 659–666 © Y. Aye

*Correspondence: Prof. Y. Aye, E-mail: yimon.aye@epfl.ch
Swiss Federal Institute of Technology Lausanne (EPFL), CH-1015 Lausanne, Switzerland

Where Electrophile Signaling and Covalent
Ligand–Target Mining Converge
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Abstract: Interests in learning how to engineer most effective covalent ligands, identify novel functional targets,
and define precise mechanism-of-action are rapidly growing in both academia and pharmaceutical industries.
We here illuminate the establishment of a multifunctional platform that offers new capabilities to logically engineer
covalent ligands and dissect ‘on-target’ bioactivity with precise biological context and precision hitherto inac-
cessible. Broadly aimed at non-specialist readers, this opinion piece is aimed to stoke the interest of emerging
chemists and biologists/bioengineers, but the underlying technological and conceptual topicality is anticipated
to also appeal to experts leading ligand–target mining, validation, and -discovery research programs.
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Yimon Aye read chemistry at University
of Oxford (UK) (2000–04), and received
her PhD degree in organic chemistry with
David Evans (Harvard, USA) and postdoc-
toral training in biochemistry with JoAnne
Stubbe (MIT, USA), where she established
themode-of-action of therapeutics targeting
ribonucleotide reductase. In her indepen-
dent career that began mid-2012, she set
out to understand the detailed mechanisms

of electrophile signaling. This impetus culminated in develop-
ment of REX technologies (T-REX™ delivery and G-REX™
profiling). In a parallel research program, she studies genome-
regulatory pathways, including mechanisms of anticancer drugs.
She currently leads the Laboratory of Electrophiles and Genome
Operation (LEAGO https://leago.epfl.ch/).

Cysteome at the Drug Discovery Frontiers
The renaissance of covalent drugs over the recent years[1–5] has

kindled renewed excitement in mining the cellular cysteome – a
catch-all term for the 250,000+ unique protein cysteines[4] present
in the human genome. Many of these individual protein cysteines
could be harnessable for novel target discovery and development
of covalent therapeutics. Covalent adduction of protein cysteines
manifesting soft nucleophilicity typically occurs via conjugate ad-
dition to the soft β-carbon of α,β-unsaturated carbonyl-derived
appendages.[4] These so-called ‘Michael acceptor’ electrophilic
motifs are present in many approved and emerging covalent drugs.
Indeed, modern cysteome-targeting covalent drugs can be classi-
fied into two groups, all of which typically harbor Michael accep-
tors: Group 1 comprises compounds wherein core target-binding-
affinity-attributing components bearing relatively intricate archi-
tectures targeting specific proteins, are fused to Michael-acceptor
units primed for covalent cysteine-tagging. Examples include
pioneering synthetic kinase drugs, such as afatinib and osimer-
tinib, and also compounds inspired by natural products to which
Michael acceptors have been embedded, such as bardoxolone (Fig.
1a). Group 2 constitutes emerging blockbuster compounds with
little or no structural complexity that likely do not boast appre-
ciative binding affinity to their targets, but show heightened elec-

trophilicity with respect to Group 1. Tecfidera, Vumerity,[6] and
plant-derived compounds such as curcumin and sulphoraphane
belong to Group 2 (Fig. 1a). Generally, from reactivity–selectivity
principles, Group 2 compounds of magnified electrophilicity are
anticipated to cover a significantly broader on-/off-target spectra.

When Natural and Unnatural Worlds Converge
Interestingly, Nature has endowed us with a repertoire of elec-

trophilic small-molecule metabolites having similar properties
to Group 2 molecules. These include lipid-derived electrophiles
(LDEs)[7–9] and (by)products of essential metabolic processes such
as fumarate and itaconate, that altogether represent endogenously-
produced Michael-acceptor-based reactive electrophiles native to
humans (Fig. 1b).[9] Interest in such reactive metabolites has inten-
sified over the recent years, with many reports documenting novel
signaling pathways and targets, or pathway intersections, regulated
by reactive metabolites.[9–15] When my independent laboratory be-
gan mid-2012, I was struck by the fact that levels of endogenous
electrophiles are dependent on multifactorial cellular processes,
such as metabolism, stress, development, and aging, and thus LDEs
interact in a context-specific manner with endogenous proteins.[9] I
proposed that such a situation may have evolved to an extent where
context-specific engagement of an LDEwith specific protein-cyste-
ines, among the 250,000 available,[4] has become integral to cell-de-
cision making.[16] If this were the case, a means to comprehensively
decode such endogenous electrophilic-metabolite-directed regula-
tory patterns would be a gateway to understanding nuanced mecha-
nisms of cell signaling. Furthermore, the similarity between the
Michael-acceptor units within LDEs and many successful modern
covalent drugs, renders deciphering natural electrophile signaling
codes an untapped avenue toward leveraging nature in the design
of novel covalent pharmacophores and novel target discovery.[17]

Druggability and Coverage: Target ID Without
Biological Sufficiency in Drug Response?

Given the number of billion-dollar drugs, one could question
why bother pursuing more small-molecule-based therapies? Such
a question may seem particularly relevant today where biologics
such as antibody-conjugates and engineered cells are gaining trac-
tion. However, historically and even up to the present day, small-
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Inmid-2012, our laboratory –which has devoted its time rough-
ly equally to the study of electrophile signaling[9] and the study of
DNA damage response and genome maintenance centered around
the enzyme ribonucleotide reductase[19–21] (Fig. 2) – launched
a method-driven research program, more specifically, a means
through which we can begin to directly link individual profiled
targets of specific LDEs to specific biological outcomes triggered
upon the target-specific engagement with a specific covalent li-
gand. We were acutely aware of the need to forge this missing link
in the context of living systems. We reasoned that such a technol-
ogy would be uniquely enabling to gain insight into electrophile
signaling. This logic could also be extended to covalent drugs/drug-
candidates, and unsolved challenges in establishing the biological-
ly-sufficient mechanisms-of-action of the broad class of Group 2
compounds, including approved blockbuster drugs like Tecfidera.[6]
The mystery shrouding such drugs continues to obfuscate target/li-
gand-optimization, defining contraindications, and management of
clinical side effects, e.g., idiosyncratic drug-induced liver injuries.

Challenges in Assessing Modern Reactive Covalent
Drugs

Reactivity, Promiscuity, and Considerations of
Permeation, Distribution, and Metabolism

At the outset of our program, all strategies to profile covalent-
ligand-responsive targets, or studying the biological actions of re-
active electrophiles, involved application of reactive electrophiles
from outside of cells/animals, typically in large excess quantities
(high µM to mM) and/or over prolonged time (hrs). Such uncon-
trolled bolus procedures have afforded increased insight into the

molecule-based therapies continue to make up the lion’s share of
drug discovery (Fig. 1c). Small molecules also can reach targets
often inaccessible to biologics, and hence they cover a wide range
of human diseases. Critically, our ability to mine druggable hu-
man proteins falls desperately short of the demand: <700 out of the
20,000 human genes are currently targeted by approved drugs;[18]
in other words, less than 4% of human proteins have been har-
nessed (Fig. 1d), even though a large proportion of proteins have
drug-like properties. Thus, effective mining of functionally-useful
and therapeutically-profitable targets remains a grand challenge.
Our continued inability to surmount this challenge is tied to tech-
nological limitations, both in terms of profiling targets of small
molecules but also importantly in functionally identifying the pre-
cise consequences of target engagement of individual ligand–tar-
get pairs in a biologically-relevant context. These limitations are
magnified for broad-specificity electrophiles and covalent drugs,
where we have been – at least to some extent – misguided by the
concept that target identification (ID) is ‘simple’. Existing state-
of-the-art proteomics profiling are typically indirect and these
approaches only examine at best <~6,000 targets, representing
<~3% coverage of the whole human cysteome.[4] Furthermore,
many of the targets identified are not strongly linked to pheno-
typic changes induced by the small molecules these methods pur-
port to investigate. Thus, we are yet to even scratch the surface of
the trove of drug-relevant applications of the cysteome. Many of
these issues would be remedied by a general acknowledgement
that ligand binding does not ensure a biological response (desired
or undesired), and further embracing the logical conclusion that
it is crucial to ensure the focus be on profiling ‘functionality’,
beyond target ID.
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Fig. 1. Challenges in modern drug discovery and the unique roles played by REX technologies. (a) Emerging covalent pharmaceuticals in clinical use
and trials. See text for Group 1 and 2 classification. Afatinib and osimertinib are kinase inhibitors used in the treatment of non-small cell lung carci-
nomas, and ongoing trials of bardoxolone methyl assess treatment of kidney disease, hypertension, and cancer.[3,4,9] Tecfidera and vumerity are both
approved to treat relapsing multiple sclerosis, but with poorly-understood mode(s) of action.[6] Plant-derived natural reactive electrophile curcumin
and sulforaphane are in various stages of anticancer trials.[9] (b) Endogenously-produced reactive electrophiles that regulate human pathophysiol-
ogy in a context-specific manner (HNE, 4-hydroxynonenal).[7–9] (a,b) All molecules bear electrophilic Michael-acceptor motifs shaded in blue.[4] (c) To
date, small-molecule-based therapies are still a major contributor to the total number of FDA-approved drugs, compared to biologics.[18] (d) Absolute
number of targets of FDA-approved drugs categorized by target class[18] shows the relevance of human proteins as molecular targets among all ap-
proved therapies but the number of druggable human proteins is <4% of ~20,000 genes in human, and is miniscule considering ~250,000 unique
cysteines in the human proteome[4] that could be potential molecular targets of covalent medicine. (e) REX technologies[33] bridge the missing knowl-
edge gaps between target-binding/target-ID analysis and functional outputs, by their ability to simultaneously profile target-ID and precisely assay
for ligand-binding-induced responses with biological context and resolution hitherto inaccessible. See also Fig. 3 and 4.
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electrophilic metabolite, or a covalent drug, and a protein is typi-
cally not assisted by an enzyme, in stark contrast to how classical
post-translational modifications (PTMs), such as phosphoryla-
tion, choreograph cell signal rewiring.[28] Thus, genetic knock-
down/knockout of PTM-mediator-enzymes – such as knocking
down a kinase in dissecting phosphosignaling dynamics – is not
available to those studying electrophile signaling. Genetic knock-
down/knockouts of the postulated modified protein also do not
shut off the accumulation of off-target effects occurring during
bolus dosing. Indeed, as many proteins are intrinsically sensitive
to a specific electrophile, several proteins can also be responsible
for the observed response. These factors hugely confound targets
captured following bolus electrophile treatment (both in terms of
masking key on-target players and highlighting proteins whose
kinetics of labeling are inadequate), and complicate assignments
of phenotypes. Indeed, it is quite commonly seen in the literature
where top-enriched protein-targets from bolus treatment-based
proteomics target-profiling experiments fail to account for the
observed biological responses; namely, upon targeted knock-
down/knockout of that protein, the same responses are largely
maintained following drug treatment in the knockdown/knockout
background as in wild-type-protein background.[6,23] Of course,
knocking down the postulated electrophile-modified protein does
not just simply remove the modification but it also affects the
basal functional networks and interactome of that protein. What
we thus needed is a system that would cleanly modify a protein
with an electrophile on demand, allowing us to precisely monitor
the consequences of such a modification event, in the backdrop of
a largely-unperturbed cell.

Considerations of Conventional Interpretations and
Analyses

Gaining an atomic resolution of ligand-binding sites is ex-
tremely useful for drug optimization. The field has historically
relied hugely on 3D structures of ligand-bound proteins and more
recently mass-spectrometric-based identification to glean such
insights. Both these assays can also assign residue-specificity

pathophysiological effects of electrophilic species, and in several
cases, led to identification of potential functional targets/path-
ways. However, bolus approaches do not function in an otherwise
largely-unperturbed backdrop, hence the precise consequences of
modifying an individual protein with a specific reactive ligand
remain obscured. For a reactive ligand such as a native metabolite,
4-hydroxynonenal (HNE), a well-known LDE in humans,[7–9] or a
reactive covalent drug Tecfidera (DMF),[6] even a brief whole-cell
exposure in sub-nM quantities results in labeling/modification of
thousands of proteins.[22] Furthermore, because any two small
molecules could possess different levels of permeation and in-
tracellular/intra-/inter-organellar distribution, metabolic lability,
or undergo different metabolic processing, we are indeed blinded
which protein target is exposed to a given electrophile and when.
We are also unaware whether the chemotype of the drug is still
the same at the point of target engagement from what it was at the
point of cell/animal administration.[23] One may simply submit
that cacophony that occurs during bolus processing is what hap-
pens when a medication is administered. However, without basic
understanding of precise target engagement, not well-informed
and ultimately costly decisions can be made. It also transpires that
target engagement, and potentially locale specificity and other pa-
rameters not controlled by bolus dosing,[24,25] can indeed be con-
trolled through ‘drug hybridization’[26,27] as I will discuss below.

Could Traditional Genetic Approaches Intervene?
Treating live specimens with reactive electrophiles also often

leads to acute cellular stress, and if left unchecked, cell death.[9]
Even with modest treatment time/dose, perturbation of redox en-
vironments and subcellular redox homeostasis occurs in ways that
are not easily accountable or predictable. Furthermore, because
the interaction between an electrophile and a target is typically
irreversible, off-target labeling and its ramifications accrue in a
time-dependent manner,[23] giving rise to muddied outputs that
render precise outcomes hard to replicate and may well not re-
flect the conditions target cells experience in whole organisms.
Notably, the largely irreversible engagement between a reactive
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Fig. 2. Parallel research programs in the author’s laboratory (established mid-2012). This article highlights the Aye laboratory research on electrophile
signaling and stress response (left panel), wherein precision chemical biology tools are engineered in house aimed at addressing unmet biological
questions of significant pharmaceutical relevance.[4,6,9,16,17,22–33,35–44] We apply these tools in combination with organic chemistry, biochemistry, and
genetic principles in relevant in vivo models illustrated. The figure depicts general concept underlying REX-technologies: Halo-tag-protein covalently
bound to photocaged-HNE enables light-driven on-demand delivery of covalent small-molecule such as HNE, Fig. 1b, in vivo, with precise timing
and spatial and dosage controls (see also Fig. 3 and 4). The molecule on top-right shows a representative isoform-specific kinase inhibitor derived
from application of REX-technologies (see also Fig. 5). The Aye laboratory also has longstanding interest and expertise in investigating the regulatory
mechanisms of a validated drug-target enzyme ribonucleotide reductase (RNR) (right panel). Our work in this arena[19–21] includes discoveries of novel
RNR-dependent pathways of importance in genome maintenance,[19,20] and molecular mechanisms of approved anti-cancer therapeutics targeting
RNR.[21] Top left image shows dual-color DNA-fiber combing assay analyzing the effect of RNR on the rate of DNA-synthesis; top right image shows
a generic adenosine-derived structure of RNR-targeting approved antileukemic nucleoside prodrugs, and the two circular images show results from
focus formation assays analyzing effects of RNR (and its subcellular-localized variants) on tumor transformation. Negative-stained EM images show
RNR-α-subunit hexamers formed as a result of binding of the nucleoside drugs, such as diphosphate of fludarabine (FlUDP) and tri-/diphosphates
of cladribine (ClAT/DP).[19–21] Figures pertaining to ribbon structure, dual-color DNA-fiber combing image, images from focus formation assay, and
EM electron micrographs, are adapted from the author’s original research publications cited above, and the following publishers are acknowledged:
American Chemical Society Elsevier, and Springer Nature.
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also arouse concerns/limitations. In fact, a quick evidence-based
calculation already indicates pK

a
may not be the over-riding fac-

tor determining a given cysteine’s reactivity.[9,22]

Engineering T-REX: A Tool that Can Simultaneously
Perturb and Validate Precision Target Engagement in
vivo

Our laboratory conceived a chemical-biology concept which
we later termed ‘breaking the tether’.[31] This concept was at the
time unheard off and carried a lot of risk, especially for a start-
ing laboratory. Chemical biologists had invested a large amount
of effort developing linkers and scaffolds to shepherd a specific
unnatural entity to a protein of interest (POI), or POI fused to
an engineered protein/peptide-tag.[31] But we wanted to design
a system where we would undo all this work at a specified time.
Furthermore, for this model to work, the reacting cysteine from
a POI would need to have partially or fully grabbed the covalent
small-molecule signal liberated by breaking of the tether,[31] in the
split second prior to diffusion away from the POI’s coordination
shell (Fig. 3).

We proposed that when a reactive molecule encounters a pro-
tein that is tuned to react with it, reaction would be so fast,[32]
the molecule (or a large proportion of it) would not be able to
get away from the protein before reaction occurred.[16] Imagining
this in a series of snap-shots, we would begin with a reactive me-
tabolite becoming available within the POI’s microenvironment,
directly forming an encounter complex; within this ephemeral
complex, the ligand would undergo partitioning between irre-
versible labeling of the POI and irreversible diffusion away from
the POI, the result reflecting a ratio of reactivity and collapse of
the encounter complex.[16] Thus, we designed the system – now
known as REX technologies[33] – to enact liberation of (1) spe-
cific dosage and (2) at specific time, of a predetermined elec-
trophile juxtaposed to the POI. Of course, we wanted to be able
to functionally profile the precise consequences of ligand–target

of labeling for covalent binding. However, both methods suffer
from artifacts, which are magnified for highly-reactive promiscu-
ous ligands. For instance, taking the LDE, HNE, as an example,
this molecule has multiple reactive motifs.[9] Such molecules in
isolated systems – often deployed to study binding by the above
methods – will label many exposed cysteines, and, with time,
other nucleophilic residues, e.g., histidine, and lysine, stochasti-
cally and substoichiometrically,[9] rendering data acquired hard
to rationalize. Direct mass-spectrometry measurements of labile
thiol modifications are further complicated because relative,
and especially quantitative, assessments are limited since intrin-
sic properties, such as ionization and stability, often dominate.
Modern mass-spectrometry profiling methods have sought to ad-
dress these issues, but success has been achieved at the expense
of limited proteome coverage, or other assay limitations we have
discussed at length elsewhere.[9,23]

In terms of validation, point mutagenesis of a specific residue
postulated to be modified – provided mutant protein is biologi-
cally functional – is a valid strategy to interrogate the precise role
of covalent molecule sensing. However, some proteins with mul-
tiple functionally-responsive cysteines are not amenable to such
validations, as many proteins with cysteines eventually react with
the electrophile available in excess under bolus conditions.[29,30]
This method also cannot account for multiple redundant sensor-
residues when experiments are performed in living systems. Last
but not least, many studies also try to identify sensitivity or site-
specificity using purified proteins in isolated systems.[9] However,
it remains excessively challenging to recapitulate the subcellular
micro-environment(s) (and associated redox status) where a protein
resides, or even the seemingly-simpler parameters such as protein’s
concentration, conformation,whichaltogether in turn affect propen-
sity of a cysteine’s responsivity to an electrophile.[9] These issues
ultimately confound the interpretations derived from exclusively
in vitro measurements of electrophile/covalent-ligand labeling.
pK

a
and structure-based predictions of surface-exposed cysteine
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Fig. 3. T-REX probes precision on-target POI-electrophile engagement in vivo.[36,38,43] (a) Model of Halo-POI fusion protein wherein Halo (ribbon struc-
ture) is covalently bound to anthraquinone-based photocaged probe precursor to a representative native electrophile HNE (see Fig. 1b). Provided
standard suite of technical controls are implemented, T-REX can quantitatively assay, for any POI in living systems, at precise space and time: (1) to
what extent the POI is sensitive to a given electrophile; (2) if the POI is labeled by the electrophile, what the on-target ligand occupancy is; and (3)
what response is triggered as a result of POI-electrophile target engagement in vivo. (b) The ‘Breaking the Tether’ concept[31] underlying T-REX: the
electrophile rapidly liberated (t1/2 < 1 min) within the proximity of Halo-POI has a choice to be irreversibly-captured by the POI, or diffuse away from
the encounter complex at its native diffusion rate. (Scenario on the left shows POI as an electrophile sensor where some level of labeling occurs; the
right shows the case where the POI is not a sensor of the electrophile). See also Fig. 4. NOTE: maximum concentration of electrophile released is
stochiometric to intracellular concentration of Halo-POI (in T-REX) or Halo (in G-REX) (measured to be < 5 µM typically in cells.[39] but also tunable),
thus mimicking native electrophile signaling under limited-electrophile dosage. Figures are adapted from the author’s original research publications
cited above, and the following publishers are acknowledged: American Chemical Society Elsevier, and John Wiley and Sons.
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.engagement for numerous POIs without the need to perform large
amount of construct cloning, etc.When we came across a Halo-
tagged-mediated protein-degradation method called ‘HyT’ from
the Crews laboratory,[34] our interest in Halo-tagging was piqued.
This was especially because unlike other protein tags, there is a
Halo ORFeome library covering 20,000 human and mouse genes.
So, we realized that if the general idea were to prove successful,
the Halo-ORFeome would facilitate testing of almost any POI
from human or mouse origins. Accordingly, we designed Halo-
targetable small-molecule photocaged probes for what we later
termed as T-REX (Targetable reactive electrophiles and oxidants)
technology that can release a given electrophile at a preordained
time.We designed the probe and validated photouncaging t

1/2
, per-

meability, lack of toxicity, and stoichiometric binding to Halo in
living cells[26,29,30,35–43] and subsequently live animals[38,39,41,43,44]
(Fig. 4).[33]

The next question was what we should choose as the test pro-
tein to be the recipient of a representative LDE (HNE) released
from Halo. Thanks to a senior technician scientist from a col-
league’s laboratory, we first became aware of the quintessential
electrophile-regulated Keap1/Nrf2 antioxidant response path-
way[45] around the time the idea of T-REX was being proposed in
late 2011 as part of the author’s then upcoming independent career.
When this pathway later became a target of the approved drug,
Tecfidera (and now also Vumerity),[6] and that this pathway was
(and continues to be) hotly pursued by several pharma industries

and medicinal-chemistry/drug-discovery-driven academic labs,
the author’s interest was further piqued. For us, the established
nature of this pathway, and its broader relevance meant it was the
perfect initial test ground for T-REX when our independent labo-
ratory began in mid-2012. We were excited to see that T-REX to
Halo-fused-Keap1 could transfer around 40% of released HNE,
from photocaged-HNE bound to Halo, to Keap1 post photouncag-
ing; few other cellular proteins were labeled.[35,36] A stark con-
trast was noted in specificity offered by T-REX-assisted delivery
of HNE (Fig. 4b, inset) vs. following whole-cell treatment with
HNE.[29,30,35,36] Through the author’s reading of the literature in
the redox-related field, we came across PTEN, a tumor-suppres-
sor, that is also stress-responsive.[46] This was the second protein
validated to be compatible with T-REX in our laboratory’s early
years.[35,36] Building on these inaugural proof-of-concept studies,
we have now shown successful electrophile delivery to >10 POIs
via T-REX.[26,2930,35–44] Many of these proteins were shown to be
highly electrophile reactive in vitro.[39,40]

With target-specificity validation in hand, we were eager to
apply T-REX in two unique ways. One way was, for a known
POI, to map on-target responses precisely, and in the process dis-
cover nuanced pathway mechanisms and intersections that are
otherwise hidden under bolus conditions. The second way was to
discover novel electrophile-responsive POIs whose modifications
gives unexpected signaling outputs. Over the past 8 years, through
pending and published papers, we successfully demonstrated the
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covalent ligand (specifically, HNE, see Fig. 1d) modification of Keap1 protein in live cells, in direct comparison against the outcomes from live cells
bolus treated with HNE. See literature cited within the text for experimental details and accompanying data from relevant control experiments. Fig.
4a and inset within Fig. 4b are reused/adapted from the author’s original research publications and the respective publishers, Elsevier and American
Chemical Society, are acknowledged.
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and fundamental principles underpinning precision electrophile
signaling code can be translated ultimately to precision medi-
cine development. From the perspective of tool-developers, this
is also a real-world-relevant question since intrinsic require-
ment of ectopic expression, use of non-native Halo protein, and
light-driven photouncaging are, to say the least, cumbersome for
therapeutic applications.[4] We thus launched a proof-of-principle
project to apply our T-REX data to medicinal chemistry prob-
lems. Our idea was to leverage our recent identification of Akt3
as an isoform-specific sensor of native reactive metabolite (HNE),
and subsequent extensive pathway validations in both cultured
cells and zebrafish embryos,[38] toward developing first-in-class
isoform-specific covalent inhibitors targeting Akt3, one of the
three non-redundant isoforms ofAkt kinase. PI3K/Akt-cascade is
a validated druggable nexus interfacing oncogenic signaling and
cancer metabolism[46,49] with two small-molecule PI3K-inhibitors
approved for targeted cancer therapies. Conversely, eight small-
molecule Akt inhibitors are currently in clinical trials, although
none are single-isoform-specific; some exhibit isoform-bias to-
ward Akt1 or Akt2.[50]

T-REX-assisted studies in cells and fish designatedC119 as the
residue unique to Akt3 that senses HNE[38] (Fig. 5a). HNEylation
of this residue promotes superstoichiometric inhibition of Akt3,
leading us to propose that there is a dominant-negative effect.
Homology modeling of Akt3 based on the available full-length
protein structure of humanAkt1, showsC119 residing in a flexible
linker region (Fig. 5b),[4] bridging the PH and the kinase domains,
featuring high sequence divergence across the threeAkt-isoforms.
C119 is in closer proximity to a known allosteric site (targeted by
several small-molecule candidates in trials) than theATP-binding
site.[26]Thus, we proposed a chimera of an allosteric-site targeting
drug candidate, conferring general Akt-selectivity, and a pendant
HNE-derived arm, conferring irreversible Akt3-binding, would
overall give us an irreversible Akt3 inhibitor. Among the eight
Akt-inhibitors currently in clinical trials, three of them target the
allosteric site.[51,52] All bear a primary amine, to which facile ap-
pendage of an HNE-derived motive was anticipated, especially
because SAR-data indicate the amine to be largely dispensable.
MK-2206 was selected because it is the first orally-effective al-
losteric reversible pan-Akt inhibitor that reached clinical trials
and continues to boast several ongoing/active Phase-I/II-trials
targeting a large spectrum of solid and blood tumors. Thus, sig-
nificant amount of useful data are available for ultimately bench-
marking against our own inhibitors. Our choice was further moti-
vated by treatment-related hyperglycemia, a side effect common
to many targeted cancer drugs,[53] and in the case of MK-2206
hinders its clinical progress in the treatment of stage 1–3 breast
cancers.[54–57] Novel isoform-specific targeting together with the
general benefits of covalent druggability could potentially allevi-
ate such clinically-observed adverse effects.[4]

The molecules so designed emerged to efficiently and selec-
tively label Akt3, as we predicted. We then established that Akt3-
selectivitymanifestedbyourchimeras,e.g.,MK-H(F)NE(Fig.5c),
is traceable to the HNE-like appendage.[26]A pseudo-regioisomer
of MK-H(F)NE, MK-G (Fig. 5c) showed much lower covalent
ligandability, and showed enhanced Akt2-specificity. Removal of
the Michael-acceptor motif in MK-HNA muted covalent binding
as expected (Fig. 5c). Notably, 2nd-order kinetics of MK-H(F)NE
for Akt3 inhibition (Fig. 5c) approach those reported for some
successful covalent kinase drugs in the market.[58] Further con-
sistent with irreversible binding, compound withdrawal experi-
ments demonstrated persistent inhibitory and growth-suppressive
effects in cultured cells. Unexpectedly, in terms of mechanism-
of-action at the pathway level, the hybrids, MK-H(F)NE, pheno-
copy HNE-specific pathway-regulatory features[38] more so than
those of MK-2206: (i) MK-H(F)NE shows dominant-negative
pathway suppression mimicking the behavior of HNE previously

versatility of REX technologies in both ways, and documented
the nuanced roles of electrophile signaling in multiple biologically-
important responses such as cell death[26,38] and DNA damage re-
sponse,[39] beyond antioxidant response.[29,30,36,37,41,42] Importantly
these data have given the first direct evidence that low-occupancy
electrophile modifications on a specific POI is biologically suffi-
cient to elicit a functional response. This observation was made
with Keap1/Nrf2 AR regulation,[29,30,36,37] PTEN/Akt/FOXO cas-
cade,[38] Ube2V2/DNA-damage signaling,[39] and Ube2V1/NFκB
signaling,[39] representing both dominant inhibitory and stimulatory
modalities of signal amplification.[47] These data furnish compel-
ling evidence that natural electrophilic signals regulate cell signal-
ing in the same way as canonical PTMs such as phosphorylation
and ubiquitination, targeting specific sentinel proteins, or ‘privi-
leged first responders’.[4,23] In the process, we discovered novel
pathway cross-talk and unanticipated codes of ‘cellular currency
exchange’[28] between reactive electrophiles and canonical PTM
signals.[48] These multiple independent lines of evidence allowed us
to consider natural electrophiles as potential pharmacophores[17]
and that understanding their signal rewiring mechanisms, will
uniquely enable target ID and novel ligand design principles.[4]

Engineering G-REX: Profiling Low-occupancy
Covalently-ligandable Proteins with High
Spatiotemporal Resolution

In our initial years, we were largely preoccupied with testing
the scope of T-REX, setting up suites of controls, and extending
the method to multiple model organisms.[33] Recently, we have
also given much consideration toward addressing what applied
insights can be leveraged from T-REX, and how REX technolo-
gies can be utilized for translational medicine. Here, I devote the
remaining sections to highlight how we have moved forward in
addressing both questions. In terms of the first perhaps obvious
limitation, T-REX is a one-by-one method, and although we have
successfully shown medium-throughput screening capabilities in
identifying novel functional electrophile sensor proteins, we soon
realized that this is inherently limited, and so we set about develop-
ing a ‘proteome-wide’ screening approach. We thus recently de-
veloped G-REX technology[33,39] that allows quantitative mapping
of functional sub-proteome responsive to a given covalent ligand
in low-occupancy (Fig. 4). Distinct from the state-of-the-art pro-
teomics profiling of covalent ligand responsive proteins, G-REX is
the first and the only tool that can directly profile functional targets
of covalent ligands with subcellular-level spatiotemporal control
in intact living models.[23] Of course, spatiotemporal-controlled
subproteomics indexing of localized proteins have lately surged in
the literature.[25]However, none of these innovative methods profile
function in a local-specific manner. Thus G-REX, as in T-REX, re-
mains the first and onlymethod for precision covalent ligand–target
profiling/validation. Our accumulating data from applyingG-REX-
&-T-REX in tandem (Fig. 4a) in pending publications promise new
opportunities to researchers in both industry and academia alike
whereby functional targets can be directly screened in an unbiased
waywith precise timing and biological context. Of course, if the co-
valent pharmacophores do not bear enal/enone-type frameworks, a
different photocaging strategymust be designed.We consider these
challenges as value-added opportunities for us to innovate novel
biocompatible chemical platforms and thus such directions are cur-
rently in progress.

REX Technologies Usher Logical Engineering of
Covalent Inhibitors

In terms of the second direction, namely, translational science,
burgeoning evidence allowed us to propose that privileged elec-
trophile sensor proteins unearthed by REX technologies are an
untapped resource for covalent drug discovery.[4] Indeed, since
early 2017, we began to ponder how accumulating new insights
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bition. Furthermore, our second-order kinetics of Akt3-labeling
were favorable, and for targeted covalent therapeutics, achieving
precise target engagement is often of greater relevance than meta-
bolic lability.[4,59] We thus progressed to profile in vivo efficacy
in MDA-MB-468 xenograft mice, whereby oral administration
of MK-FNE emerged to be at least as equally effective at sup-
pressing triple-negative BCs as MK-2206 (Fig. 5d). Importantly,
MK-FNE-treatment also resulted in a better management of hy-
perglycemia, one of the current dose-and-efficacy-limiting side
effects of Akt-inhibition in vivo[54–57] (Fig. 5e).

Synopsis and Outlook
In sum, the REX technologies we have built and rigorously

road-tested have revealed some of the most nuanced and funda-
mental, and at times, unexpected facets of cell decision making.
These accumulating data are also simultaneously helping to shape
the ways we understand cysteine responsivity. Our ongoing proj-
ects further integrate precision cysteome understanding along
with phylogeny, and transcriptomics and other systems-level
approaches. When such analyses are coupled with G-REX pro-
teomics mapping and T-REX precision interrogations, we hope
to paint a more comprehensive picture of functional outputs, both
at global and single-cysteine-specific level. Unique capabilities to
control and investigate at will, specific proteins and covalent-li-
gand pairs are also expected to bear fruit as industrially-adaptable
avenues for profiling targets, dissecting regulatory networks that
can also be harnessed to modulate cell behavior, and ultimately
amend disease states.

reported by us using T-REX;[38] (ii) whereas MK-2206 treatment
blocks Akt-T305-phosphorylation (a key Akt-activating event),
the hybrid compound does not, mirroring what we reported for
HNE-metabolite signaling and pathway downregulation viaAkt3-
covalent modification.[38]

Profiling of various cancer cell lines led us to identify that
breast cancer (BC) lines – especially BCs deprived of critical tu-
mor-suppressor proteinPTEN[46,49] (i.e., pten-null BCs) – aremore
sensitive toMK-H(F)NE overMK-2206. Enhanced sensitivity for
MK-H(F)NE is most prominent (~5 fold) in MK-2206-resistant
lines where resistance arises from overexpression ofAkt3 (the iso-
form for whichMK-2206 has the least affinity).[26]These observa-
tions are consistent with MK-H(F)NE targeting Akt3. We further
confirmed on-target isoform-specificity by showing that our chi-
meric inhibitors synergized exclusively with Akt3-knockdown,
whereas MK-2206 synergized exclusively with depletion of Akt1
(its preferred target). MK-H(F)NE also proved useful in uncover-
ing novel downstream genes whose phosphorylation status is al-
tered in anAkt-isoform-dependent manner and distinct from those
modulated in response to MK-2206 administration. The lack of
Akt3-specific inhibitors had rendered such investigations hitherto
inaccessible. These data provided compelling confidence to ex-
tend our investigations to in vivo disease models.

Inmice livermicrosomes,MK-H(F)NEunderwent a faster rate
of degradation than MK-2206 (t

1/2
< 30 min compared to ~86 min

for the non-covalent congener,MK-2206).[26]Nonetheless,T-REX
and our related validations demonstrated that low-occupancy
Akt3(C119)-covalent engagement is sufficient for pathway inhi-
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