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Abstract

Our bodies produce a host of electrophilic species that can label specific endogenous proteins in
cells. The signaling roles of these molecules are underactive debate. However, in our opinion it is
becoming increasingly likely that electrophiles can rewire cellular signaling processes at endogenous
levels. Attention is turning more to understanding how nuanced electrophile signaling in cells is. In
this perspective, we describe recent work from our laboratory that has started to inform on different
levels of context-specific regulation of proteins by electrophiles. We discuss the relevance of these
data to the field, and to the broader application of electrophile signaling to precision medicine

development, beyond the traditional views of their pleiotropic cytotoxic roles.
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As we think everyone knows, life is not perfect. Indeed, life can be messy. The average American, for
instance, produces 1700 pounds of garbage per year. It is unsurprising that managing waste
production is an increasing problem in all aspects of society. Looking closer to our own workplaces,
academic research generates 1000’s of metric tons of hazardous waste per year in the US; a small
fraction of what industry does?. Intriguingly, this aspect of our societal footprint runs contrary to the
carefully crafted biochemical pathways that are often discussed as being the fabric of life as we
understand it. Indeed, many a chemist is envious of the rapidity and cleanliness of day-to-day
reactions that occur necessarily in our bodies. Extending the analogy a little, many a town planning
officer would be very keen to emulate the number of intricate parts that the human body can organize
and the enormous amounts of building and deconstruction that goes on inside each of us, ostensibly
with relatively little waste.

But in fact, when we examine biological systems more closely, the sort of wasteful behavior we are
accustomed to seeing in the wider world around us starts to crop up. For instance, 30 to 90% of all
synthesized proteins are improper and directly degraded; an unusually futile cycle?. Even DNA
synthesis is not immune from embedded error, with evidence for numerous severe replication errors
that require homologous recombination to fix each cell division®. Even the exquisite chemical
processes occurring in the mitochondria are not immune to these problems. Errant electrons can
create radical species that are potentially chemically damaging®. Indeed, numerous reactive molecules
so produced are at elevated and sustained levels toxic to cells and organisms.

All the above processes are hugely interesting and give insights into the fine line living systems walk
between the (likely futile) pursuit of perfection, and the limitations of intrinsic biological processes.
Our laboratory has principally invested its attention on how a specific type of reactive species, namely
reactive electrophiles, behave in cells>2. This work will be our focus here. It should be noted that, as
the name implies, reactive electrophiles are inherently reactive products whose biology is only just
coming to light. Indeed, outstanding questions in the field remain, including how relevant electrophile
signaling is to endogenous signal regulation, and under what conditions electrophile signaling is most
important. It is our objective in this paper to discuss recent findings from our work that shed new light
on how reactive signals function on specific targets and propagate signals. These insights make a
strong case for more nuanced ways of viewing reactive molecule signaling, which necessitate more
precise means to interrogate sensor proteins. They further highlight that when an electrophile hits the
right spot, i.e. is able to engage with a specific target protein in the correct specific cellular or
subcellular context, interesting signaling processes can occur that have unexpected
pathophysiological consequences. Such signaling changes can occur, even at low ligand occupancy,
and in subcellular locales where the target proteins are not considered to be canonically active.

Set your sights on the target

Some years ago, the laboratory introduced REX technologies, G-REX and T-REX™ -1 (Figures 1A and
B). T-REX method is a means to selectively target a specific protein with a given electrophile (native or
otherwise) of choice in a living system. It transpires that T-REX™ works only on very electrophile
sensitive proteins. Nevertheless, using T-REX™ we have validated multiple novel electrophile sensing
proteins (>15, so far)>®1215 T-REX™ is also able to target specific proteins in specific subcellular
environments with specific electrophiles as well as functioning in a range of model organisms'»16-20,
T-REX™ has proven to be particularly insightful at assaying specific signaling consequences of target-
specific electrophile protein labeling>!%171921-2 T_.REX™ s a very precise method, which is both its
greatest strength and source of uniqueness but it is also its ultimate weakness. Indeed, it is difficult to
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screen for protein sensors using T-REX™. To plug this gap, we later introduced G-REX™ 5. As a
derivative of T-REX™, unsurprisingly, G-REX™ can also function in a locale-specific manner, and it can
work in numerous model organisms (unpublished). Although both techniques work well
independently, and can be combined with other methods, T-REX™ and G-REX™ work particularly well
together.

Both these methods have allowed us to fix on specific targets, in specific locales or circumstances that
are not usually possible in typical experiments using electrophiles®. Using these methods, we can also
normalize electrophile dose, control timing of electrophile exposure, and bypass several slow steps in
the uptake of electrophiles that have served to confound experiments carried out in living systems’2,
As REX™ methods will not be discussed in molecular detail here, we refer the curious reader to several
published papers of ours for more information?* (Figure 1C). At the end of the manuscript, we will
discuss why we think these new insights were achievable using REX™ technologies, as opposed to
other methods.

Who's in the firing line?

We were intrigued by the approved multiple sclerosis drug Tecfidera®®26, which is a highly reactive
electrophile derived from fumarate (Figure 2A). Fumarate itself is a native electrophilic metabolite
known to modulate several proteins, although fumarate’s own role in biological signaling is likely
minimal due to its slow labeling kinetics?’. There were several models for how Tecfidera® functions,
although in our opinion none were ideal, or at least had sufficient experimental backing?®3%. One
postulated target that was particularly interesting to us was Keap1, a known responder to electrophilic
stress that we have shown is readily targetable under T-REX™.691015 One important issue with Keap1
being a target of Tecfidera® was that Tecfidera® is believed to suppress immune responses leading to
remission of relapsing multiple sclerosis®®. Unfortunately, Keap1’s primary function upon electrophile
labeling is stimulation of signaling responses that are overall cytoprotective®#; little information was
available pertaining to how Keapl may function in a suppressive mechanism (Figure 3A).

We used Z-REX™ #1219 3 derivative of T-REX™ performed in live zebrafish (Figure 2B), together with
RNA-seq to examine how global mRNA pools were changed upon calibrated, sub-stoichiometric
electrophile engagement of Keap1 in the vast majority of cells in zebrafish embryos'®. Given that we
were effectively performing the same process in each cell of the embryo, we were intrigued to find
that under these conditions, selective loss in mRNAs specific to neutrophils and macrophages was
observed?®. We proceeded to show that upon Z-REX™ targeting Keapl in zebrafish and several
mammalian cultured cells, upregulation of apoptosis occurs. Consistent with the RNA-seq data, the
impact of targeting Keap1 is particularly elevated in innate immune cells, such as macrophages and
neutrophils. Indeed, when we examined fish embryos that had undergone Z-REX™ targeting Keap1
which expressed fluorescent proteins within their macrophages or neutrophils, we showed selective
depletion of these cells that was suppressed by caspase inhibitors®. This depletion did not happen
when the same experiment was repeated, but the electrophile was not delivered to Keap1, or when
a Keap1 mutant was used that cannot sense electrophiles®. Our further examination uncovered that
Keap1l can bind to Wdr1*>%3, a protein linked to regulation of actin, and this binding is inhibited upon
electrophile labeling of Keap1®. Wdr1 released from Keap1 can interact with Cofilin*?, which together
trigger the mitochondrial apoptosis pathway, through Bax*, and ultimately triggering caspase
signaling’® (Figure 3B). Knockout of any of the proteins in this pathway suppressed the loss of
neutrophils and macrophages caused by bolus Tecfidera® treatment in live zebrafish®®,


https://doi.org/10.20944/preprints202201.0440.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 January 2022 d0i:10.20944/preprints202201.0440.v1

These data, particularly those derived using Z-REX™ indicate that different cells’ responses to similar
levels of electrophilic engagement of the same protein are unequal. Indeed, we have shown that
Keap1 targeting in whole fish under Z-REX™ does stimulate cytoprotective responses as expected?®.
However, in neutrophils and macrophages, an unexpected response occurs. This unexpected response
is effectively the inverse of the expected outcome, cell death. Since Z-REX™ is calibrated in terms of
expression, and has been shown to give similar labeling of the target protein in different situations,
the predominance of data point to substantial rewiring of how neutrophils and macrophages respond
to electrophiles. Although this finding raises new questions, principally why would such a sensitization
to Wdr1l level elevation occur, we stress that (1) such an outcome was not predictable based on data
available prior to our experiments, and (2) Wdrl’s role in immune cells in general is established,
although its precise role and links to viability are less clear.

Where did the shooting start?

In another recent paper®, we used G-REX™ to release the same electrophile at ostensibly similar
concentrations in either the nucleus or the cytosol and profile proteins that were labelled selectively
by the electrophile only in one or the other locale (Figure 4A and B). This specific technique cannot
identify proteins that sense electrophiles equally in both locales; we further note that primary data
from this screen cannot in of themselves prove that a specific protein is more sensitive in one locale
than another, as this could be dominated by intrinsic localization preferences. Nevertheless, several
proteins that were putative locale-specific electrophile sensors were unearthed using this method.
Rewardingly, the vast majority were validated for subcellular locale specific sensing using a variant of
T-REX™ (Localis-REX) and bolus dosing. In both these examples proteins were localized to the nucleus
or cytosol using specific localization tags and their intrinsic electrophile sensitivities were examined.

One of the most intriguing proteins to emerge from this screen was CDK9 (Figure 5A and B). This
protein is canonically a nuclear kinase that is a critical component of the positive transcription
elongation factor complex, P-TEFb, along with CyclinT1, another nuclear localized protein*®*’. The
PTEFb complex is essential for promoting transcription by releasing RNA polymerase 2 from promoter
proximal pause sites*®*°, Intriguingly in our screen, and also during validation, CDK9 emerged to be an
electrophile sensor only when present in the cytosol: nuclear CDK9 was not able to sense electrophiles
well, although some electrophile sensing was observed.

Who was around at the time of the shooting?

We investigated if the relative recalcitrance of CDK9 to electrophile sensing in the nucleus was due to
specific associating partners. Knockdown of CyclinT1 or a negative regulator of CDK9 that is also
nuclear, HEXIM1°%°, led to increased electrophile sensing by CDK9 in the nucleus (Figure 6). This result
as well as the discovery of nuclear-specific electrophile sensors showed that the nucleus is permissive
to electrophile sensing, but further demonstrates that electrophile sensing can be modulated by the
target protein’s interactome. Although we and indeed others have not investigated this link
thoroughly, this implies that electrophile sensitivity could offer insight into associated proteomes,
likely in a function dependent manner.

Was the target moved?
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Given CDK9'’s strong links to transcriptional regulation, we postulated that CDK9 electrophile labeling
may lead to changes in transcriptional activity. Indeed, electrophile labeling of wt-CDK9 elicited a loss
of RNA polymerase 2 activity. This was however not seen in either CDK9 bearing a nuclear localization
tag, or CDK9 bearing a nuclear exclusion sequence. These data imply that although CDK9 senses
electrophiles well in the cytosol, the electrophile-modified CDK9 needs to move back into the nucleus
in order to effect changes in the activity of the unmodified protein (Figure 6).

This result is indeed the first example of an electrophile-modified protein behaving as a long-distance
signal in its own right. In previous literature we have discussed how for electrophiles to signal, the
target protein needs to be not only acutely tuned to react with the electrophile but also must undergo
activity or function modulations induced upon labeling by the electrophile. We have postulated that
these two properties may, in some instances, be synergistic. Such an effect could possibly occur
through the presence of a binding site for HNE>2. Indeed, the proposed transience of electrophilic
signals under the highly reducing and xenobiotic metabolizing power of the cell, could lead to a
buildup of modified proteins in a position where they could not signal. Under such a situation, as
electrophile labeling is irreversible, the modified protein would have to ferry the information
contained by the electrophile to the intended target®.

Beyond the blunderbuss effect?

From the above discussion, and indeed by perusal of some of our previous work, it should be clear
that electrophile sensing is surprisingly nuanced. Indeed, the above data shows signaling processes
overall strongly reminiscent of canonical signaling pathways, albeit with relatively few key players
(note we are dealing with signaling events that effectively cannot interchange between different
proteins). Perhaps the most important take home message is the critical aspect of context to
electrophile signaling that has been appreciated in some areas for some time, but has rarely been
directly observed, until recently®. We would like to suggest that the principal reason for this lag is the
fact that traditional methods to study electrophile signaling used methods exclusively reliant on bolus
dosing to identify electrophile reactive proteins?*. This strategy could readily be referred to as the
blunderbuss approach, named after an early shotgun capable of spraying projectiles over a large area®®
(Figure 7A). It involves using typically a large excess of electrophiles and reading out proteins that are
labelled after prolonged time. Of course, this method has the habit of hitting many proteins non-
specifically, and can also change redox status of cells when carried out in living systems, although this
is frequently performed in lysates. Thus, proteins identified as sensors can be dominated by abundant
proteins, those with high cysteine content, those that are stable under the reaction conditions. As the
conditions are harsh, they can also mask very reactive proteins whose sensing capabilities may require
the cell to retain a balanced reducing environment.

Indeed, bolus dosing is leveraged in numerous modern methods to investigate electrophile signaling,
for instance the various derivatives of activity-based protein profiling (ABPP) and other variants that
have come after it?*°%°7, These methods are uniquely able to quantify absolute occupancy of a specific
electrophilic ligand on a specific cysteine (or other) residue, and do to some extent get around the
blunderbuss issue. These methods have even shown that even under excess doses the number of
proteins that can attain high electrophile load is relatively low>®. However, a lot of the proteins we
have described as electrophile sensors are not scored in sensors in ABPP assays, either because they
are not present among the proteins profiled (a common weakness of this method) or because they
cannot attain a threshold labeling occupancy to score as a priority hit. Conventional thinking states
that if a protein is sensitive to electrophiles, i.e. that it is labelled rapidly by an electrophile, then it will
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necessarily obtain a high electrophile labeling load and show up as a hit in ABPP, provided it can be
detected. l.e. sensors are ranked based on ability to rapidly attain high occupancy by a specific
electrophile. However, our data predict such a criterion is not necessarily a good metric for assigning
electrophile responsivity. Indeed, some proteins could readily obtain fractional occupancy rapidly,
reflecting a subset of electrophile responsive forms of the protein in question, for instance in a specific
locale, or potentially a post translationally modified state. The remaining fraction(s) of the protein
could then be inert to labeling by the electrophile of choice. Indeed, the activity profiling aspect of
ABPP (where cells are treated with a highly reactive electrophile to assess modification of specific
cysteines relative to a control sample) is often carried out post cell lysis using a highly reactive
electrophilic species. Thus, it is quite possible that some of the internal cellular regulation we have
found could be lost, or even that the internal regulation to relatively low reactivity native electrophiles
is lost relative to the probe used in ABPP. These concerns are even more elevated when electrophile
engagement in whole organisms is considered.

One of the key mitigating factors for the heavy reliance on bolus dosing is the simplicity of
electrophiles and the fact that we do not really have a particularly good idea of how electrophile
behave in cells, or even how much electrophile there is in specific regions of cells (or the whole cell
often)®. Evidence exists that electrophiles have a relatively short half-life in cellular environments,
but this does little to build up a very nuanced picture®, as in addition to other unknowns, we do not
know what concentrations of electrophiles are needed to signal (although our work suggests that this
can be close to the concentration of several endogenous proteins, provided the protein is in the
correct place at the correct time®-%2), Some evidence has been proposed that electrophile diffusion
distances are short, but how relevant localization of the signal, or diffusion of electrophile/modified
protein are to sighaling has remained untestable. With the data from G-REX™ screens above, where
a transient amount of electrophile is released in specific locales, we do indeed start to build up a
picture that HNE is certainly able to exert its labeling effects principally on the locale to which it was
confined (hits from locale specific screening were for the overwhelming number of cases correct, for
instance). Thus, we believe that several lines of evidence push for a movement towards more precision
methods to interrogate electrophile signaling.

So what if we follow this trajectory?

We have outlined what we currently understand about nuanced electrophile signaling modes. We
have stressed context is crucially important, giving examples of antagonistic cell-specific response
effects and also locale-specific electrophile sensing, followed by translocation events that are
necessary for signaling. We do not believe these events are likely to have arisen by chance. Evidence
for this can be seen in the strong conservation of electrophilic sensing residues, for instance across
Akt3 isoforms®. We further do not believe that the examples we have uncovered are likely to be
isolated, given that we have begun only to scratch the surface of the panoply of tissue specific and
locale specific signaling events that could be conceived. This means that electrophiles are likely
important players in cellular signaling and hence decision making, in a cell-type-, or locale- (or both)
dependent manner. Considering how disease states can rewire production of electrophilic stressors®?,
and indeed change protein locales®® we could readily extend this postulate to disease states, which
could have novel electrophile responsivities reflective of changed protein expression, localization, or
partnering. In genetic diseases, or cancer®®, environmental effects or mutations®’” also could readily
serve to promote such changes. Indeed, changes in subcellular localization of important metabolites®,
and proteins is increasingly linked to disease and (aberrant) signaling; gleaning such information is


https://doi.org/10.20944/preprints202201.0440.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 January 2022 d0i:10.20944/preprints202201.0440.v1

clearly important, but gaining understanding of locale-specific function and its relation to cell signaling
is equally important®®.

A magic bullet?

Given the above data, and the ensuing reasoning, we propose that mapping nuanced electrophile
responsivity changes, especially those that occur across specific cell types, or specific disease states
could serve as a pathway to uncovering novel associations, signaling modes, or pathway modes. In
classical biology, unearthing such data are hugely important and are usually derived through some
sort of high throughput/content/proteomewide strategy (e.g. G-REX™). However, follow up on such
hits can be laborious as traditional biochemical/cell biology experiments need to be performed.
Particularly in terms of context-specific effects (in subcellular locale or in specific tissues) chemical or
genetic actionability of specific states of individual proteins or specific moonlighting roles require huge
investments of time to perform with correct controls’. The pathways to examining druggability,
should this be even on the table, are even less direct, and unlikely to be able to target a specific locale
of a protein, should this be important for drug action.

However, electrophile-responsive pathways are different. Once electrophile sensing is discovered, T-
REX™ can be immediately used to modulate and interrogate signaling and function, and elucidate
downstream pathways directly (Figure 7B). As we have shown, this can be performed in specific
locales. Further down the line, we have shown that specific inhibitors, or potentially modulators can
be derived using standard medicinal chemistry steps’®. There is no reason to assume this process could
not be used to target specific subforms of a protein (for instance those in a specific locale sensitive to
a specific electrophile) should that exist. Thus, in the electrophile signaling landscape, discovering
novel signaling nodes necessarily informs on precision chemical actionability. This stands in contrast
to traditional genetic screens which offer little insight in this area. Indeed, each electrophile sensitive
protein identified offers access to (context-dependent) target modulation. This can be either
inhibitory, or stimulatory, or potentially gain of function’?. We have identified proteins that sense
electrophiles through T-REX™ but do not seem to respond functionally to electrophiles’. These for
the time being appear to be proteins that are only capable of achieving very low occupancy under
standard T-REX™ methods. However, we cannot exclude the possibility that electrophile labeling
affects a property of the proteins hitherto unknown. Achieving at least approximate means to triage
hits from T-REX™ or G-REX™ screens to focus on the most relevant sensors is one goal of our
laboratory. Nevertheless, we believe that our data are starting to open new possibilities in the field of
biology and medicinal chemistry that are beyond the reach of traditional activity probes and drugs.
Time will tell if we are on target with this prediction, or not.
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Figure 1. REX™ technologies. (A) Global reactive electrophiles and oxidants (G-REX™) profiling
technique allows the identification of kinetically privileged electrophile sensor (KPS) proteins using
bifunctional probes, light, and the haloalkane dehalogenase protein Tag (HaloTag). (B) Targetable
reactive electrophiles and oxidants (T-REX™) allows single protein interrogation by introducing fusion
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proteins to HaloTag, typically separated by a Tobacco Etch Virus (TEV) protease recognition sequence.
Two scenarios can occur upon the release of the electrophile in T-REX: 1) The released electrophile
reacts with the protein of interest (POI); 2) The POl is not a sensor and the electrophile diffuses away.
Typically good sensors of electrophiles have elevated labeling of the POI relative to insensitive POls,
which show no labeling. (C) HaloTag Pre-HNE (HtPreHNE) is an example of a bifunctional probe that
binds covalently to HaloTag (Asp106) through the hexyl chloride motif (blue). Since REX technologies
take place in live cells or animal models, rinses to remove the excess of unbound probe are necessary.
The use of light (365 nm, 5 mW/cm?) induces the photouncaging of HNE-alkyne (red) from the
precursor molecule (ti2 < 1 min). The liberated electrophile will then react in the close vicinity of the
release site predominantly with kinetically privileged cysteine (Cys) residues. The liberated HNE-alkyne
will then react with KPS proteins to generate Michael adducts.
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Figure 2. Tecfidera® activates neutrophil- and macrophage-specific apoptotic machinery. (A)
Structures of dimethyl fumarate (DMF - Tecfidera®), fumarate, and 4-hydroxynonenal (4-HNE).
Tecfidera® is an FDA-approved drug against relapsing forms of multiple sclerosis (MS), having high
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structural similarity to the native metabolite fumarate. 4-HNE is an example of a native reactive
metabolite derived from lipid peroxidation, which is also an alpha, beta unsaturated-carbonyl
compound. 4-HNE elicits the same phenotypic response in cells and animal models as Tecfidera®
through the same signaling mechanism. (B) In zebrafish reactive electrophiles and oxidants (Z-REX™)
profiling technology. mRNA is injected in zebrafish embryos 0-1 hours post-fertilization (hpf) to
express Halo-TEV-Keapl with simultaneous treatment of HtPreHNE or vehicle. For the case of the
probe-treated samples, 30 hpf several washes are performed to remove excess compound prior to
light exposure. Several assays have been coupled to Z-REX™, including RNA sequencing in which
transcripts associated with immune cells (neutrophil and macrophages) were downregulated in the
treated samples compared to controls suggesting a link for the response on these particular cells. The
use of transgenic zebrafish lines expressing fluorescent proteins under neutrophil- and macrophage-
specific promoters has also been used to observe these cells' depletion by live imaging.
Immunofluorescence has also been coupled to observe the activation of downstream regulators of
the apoptosis pathway, such as Caspases.

There are three Z-REX controls for every experiment: 1) No mRNA, 2) mRNA injection for Halo-P2A-
Keap1l expression. The use of the P2A self-cleaving peptide allows expressing Halo independently from
Keapl to remove the proximity of the two proteins to show specific interaction of the liberated
electrophile in the fusion construct, 3) mRNA injection for Halo-TEV-Keapl (C151S C273W C288E)
mutant expression. This mutant version of Keapl is electrophile insensitive, but retains canonical
Keap1 functions.
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Figure 3. Electrophile engagement with Keap1 can activate a cytoprotective or an apoptotic response
in different cells types. (A) 4-HNE or DMF disrupt the Keapl-Nrf2-Wdrl interaction inducing the
translocation of Nrf2 into the nucleus and activation of the antioxidant response genes leading to an
overall cytoprotective response. (B) In neutrophils and macrophages, Keap1l electrophile modification
induces the disruption of the same complex. However, Keapl has numerous other interacting
partners, including Wdr1. This protein is also released from Keap1 upon electrophile labeling of Keap1.
Released Wdrl interacts with Cofilin, which leads to Bax translocation to the mitochondria. This
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process ultimately activates Caspase-9- and Caspase-3 the executioners of apoptosis. Native immune
cells are highly susceptible to this pathway.

Figure 4
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Figure 4. Locale-specific electrophilic-signal responsivity index (Localis-REX™) technology. By
introducing localization sequences to the HaloTag protein, the G-REX technology can be repurposed
to interrogate sensing within organellar proteomes. (A) Cytoplasmic Localis-REX™ has been
established by introducing the outer mitochondrial membrane (MOM) localization sequence into
HaloTag. (B) Nuclear Localis-REX™ was performed by using the nuclear localization sequence (NLS).
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Figure 5. CDK9 was identified as a kinetically privileged electrophile sensor in the cytosol but not in its
canonical locale, the nucleus. Localis-REX™ was combined with T-REX™ to introduce the localization
tags in the fusion proteins and interrogate a specific POl in a locale-specific manner. (A) Using CDK9
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Localis-REX™ a higher electrophile sensitivity was observed when CDK9 was in the cytoplasm
compared to the nucleus. CDK9 specific hydroxynonenylation occurs at Cys95 in the cytosol. After
translocation of HNEylated CDK9 into the nucleus, the electrophilic modification in CDK9 impairs CDK9
complexation with CyclinT1 leading to overall transcriptional reduction.

Figure 6
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Figure 6. Blunderbuss effect vs. “REX” sniper vision. (A) Techniques preceding T-REX™ including the
activity-based proteome profiling (ABPP) method, have relied on electrophile bolus dosing, which
don’t allow to study the proteome or an individual protein in a spatiotemporal manner. These
techniques also induce undesired cellular effects due to multiple protein labeling, which often mask
the real physiological electrophile effects making it difficult to study any signaling mechanisms. (B)
REX™ technologies have emerged to overcome these hurdles and confer a novel vision by introducing
inert photocage probes that engage in a stoichiometric manner with HaloTag and releasing the
reactive electrophiles on-demand upon light shining at particular locales.
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