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Here we discuss, how by applying chemical concepts to biological problems, methods

have been developed to map spatiotemporal regulation of proteins and small-molecule

modulation of proteome signaling responses. We outline why chemical-biology platforms

are ideal for such purposes. We further discuss strengths and weaknesses of

chemical-biology protocols, contrasting them against classical genetic and biochemical

approaches. We make these evaluations based on three parameters: occupancy;

functional information; and spatial restriction. We demonstrate how the specific choice of

chemical reagent and experimental set-up unite to resolve biological problems. Potential

improvements/extensions as well as specific controls that in our opinion are often

overlooked or employed incorrectly are also considered. Finally, we discuss some of

the latest emerging methods to illuminate how chemical-biology innovations provide a

gateway toward information hitherto inaccessible by conventional genetic/biochemical

means. Finally, we also caution against solely relying on chemical-biology strategies and

urge the field to undertake orthogonal validations to ensure robustness of results.

Keywords: chemical biology methods, T-REX, G-REX, APEX, Bio-ID, PUP-IT, Model organisms

This article is intended to be a primer for the use of chemical biology. We focus on processes
that are limited kinetically by reactive chemistry or that use reactive short-lived molecules
to perturb and/or monitor individual-protein- or locale-specific function in living systems.
We begin by discussing the need for chemical biology and the underlying design/execution
of chemical-biology experiments, including ways to avoid pitfalls. We subsequently highlight
some of the latest, and what we consider most interesting, chemical-biology approaches and
evaluate their benefits and limitations. These methods are contrasted against classical genetic and
chemical/biochemical techniques.

THE NEED FOR CHEMICAL BIOLOGY: BEYOND GENETICS

AND BIOCHEMISTRY

Chemical biology occupies a niche that is not adequately filled by traditional biological sciences.
Biochemistry/enzymology are suited to understand proteins in isolation, or in lysates. Using these
methods, functions of individual proteins have been divined (Knowles and Albery, 1977), rates
of specific steps of enzyme-catalyzed reactions have been elucidated, and development of tools to
modulate a specific enzymatic process has been established. For instance, inhibition experiments
directly impact physiological studies because inhibitors can downregulate specific enzymatic
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Long et al. Application of Chemical Biology in Biological Mapping

FIGURE 3 | Representative proximity-based target ID platforms. (A) APEX method. APEX-fused POI is overexpressed in live cells and targeted to the compartment of

interest, such as the mitochondrial intermembrane in this example. The typical experimental procedure involves incubating cells with biotin-phenol (30min, 0.5mM)

followed by a brief exposure to H2O2 (1min, 1mM) to initiate the biotinylation of the proteins proximal to the POI (within ∼40 nm). After quenching the oxidants, cell

lysis and streptavidin enrichment, the biotinylated proteins can be ID’ed by trypsin-digest and LC-MS/MS analysis. Currently, APEX’s application is limited to 2D-cell

culture and isolated organs. (B) BioID method. In this proximity-biotinylation catalyzed by promiscuous biotin ligases (BLs), various forms of BirA mutants have been

employed, with TurboID and miniTurboID as the latest, leading to biotinylation of proteins spatially close to the POI (fused to BL). These biotin ligases catalyze the

(Continued)
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FIGURE 3 | formation of biotin-5
′

-AMP ester, which diffuses out of the active site and is captured by the accessible nucleophilic residues (primarily lysine) of the POI

and those of the proteins within 10 nm on average from the POI. BioID experiment typically requires 18 h or longer periods of time to achieve significant biotinylation of

the proteins. TurboID and miniTurboID have significantly improved the biotinylation efficiency (10min – 2 h) with little difference in labeling output. TurboID and

miniTurboID have been successfully applied to tissue-specific protein ID using D. melanogaster and C. elegans as model organisms, although the optimized

biotinylation conditions of TurboID and miniTurbo in human cells may not be transposable to these organisms, owing to the differences in growth temperature and

time scale. (C) PUP-IT method. This method IDs protein–protein interactions through proximity-PUPylation on cell surface; e.g., PUP-IT has been applied to mark the

cell–cell recognition events between Raji and Jurkat cells. The FKBP fusion of CD28 is stably expressed on cell-surface membrane in Jurkat cells. Upon addition of

rapamycin (orange oval) and PafA(PUP ligase)-FRB fusion protein to the growth media, a functional PUP-IT complex proximal to CD28 receptor is formed. The

addition of biotin-DE28 (purple triangle)—the truncated PUP protein that remains active in PUPylation reaction catalyzed by PafA—enables PUPylation of Raji

cell-surface proteins CD80 and CD86 rapidly (magenta triangle), which are known to interact with the CD28 receptor in Jurkat cells. Inset shows the underlying

chemistry. FKBP, FK506 binding protein. FRB, FKBP-rapamycin binding domain.

less stable than ATP, although they are more stable than the
phenoxy radical generated by APEX in water (Long et al., 2016).
However, in the biological milieu, biotin-AMP is ephemeral and
has a diffusion distance of around 10 nm (Kim et al., 2014)
(i.e., is likely more spatially restricted than APEX and may
ultimately give protein-level resolution Rees et al., 2015), and
is capable of labeling proximal lysines. One critical difference
between APEX and BioID is that BioID does not require
stimulation with peroxide to generate the intermediate, and
as such BioID has been applied to multiple model organisms
including mice, Toxoplasma gondi (Long et al., 2018b), and
slime molds. Recently, there have been some extensions to this
method to improve the context dependence, including split-
BioID (De Munter et al., 2017; Schopp et al., 2017). Critically,
two different split proteins have been reported, testifying to
the versatility of BioID. Finally, BioID has recently been
coupled with affinity purification MS, using Strep-II tag to allow
more quantitative analysis of interaction distances across large
complexes (Liu et al., 2018b).

One of the major issues with BioID is the slow kinetics
of formation of biotin-AMP, which can particularly restrict
use in organisms that are not grown at 37◦C. This issue was
recently overcome by engineering ligases with heightened kinetic
proficiencies. TurboID and miniTurbo (a truncated version of
TurboID) allow substantial biotinylation of the proteome in a
few hours, as opposed to the typical 18 h in BioID (Branon et al.,
2018). Although, little difference in the labeled proteins detected
was observed between the two conditions in cultured cells,
several important applications were shown in model organisms.
For instance, the embryonic development of C. elegans is
approximately 14 h and its optimal development temperature is
16–20◦C (Zhang et al., 2015). Thus, a rapid labeling strategy
is required to enable sufficient build-up of labeled protein in
the embryonic stages. As may have been predicted, BioID did
not label embryos well, but TurboID and miniTurbo yielded
robust labeling.

BioID requires ATP to generate the reactive species. Thus,
one could consider BioID to be more cellular context-dependent
than APEX. Although this question has not been systematically
addressed, and despite ATP being a critical component of the cell,
it is known that ATP levels are fluxional (Imamura et al., 2009;
Tantama et al., 2013) and time-(Schneider and Gourse, 2004)
and locale-dependent (Suzuki et al., 2015) and variable cell-to-
cell (Yaginuma et al., 2014). Furthermore, although many of the
issues of BioID were solved by Turbo/miniTurbo-ID, it is worth
noting that these proteins are not inert and can potentially stress

cells/deplete cellular resources. Evidence for this was provided
as TurboID-expressing worms were developmentally delayed,
although this was not observed in miniTurboID-expressing
worms; the reasons for these differences are unknown. It is
possible that split TurboID would obviate some of these issues.

Reactive Ubiquitin Analogs
Another recent innovation aimed at mapping the cellular
interactome exploits the enzymatic formation of acylphosphate
intermediates on ubiquitin-like small protein domains, namely,
prokaryotic ubiquitin-like protein (PUP) (Pearce et al., 2008)
and Nedd8 in eukaryotes (Kamitani et al., 1997). PUP and
Nedd8, upon activation by specific enzymes, PafA and Ubc12,
respectively, form acylphosphates. By fusing proteins capable
of forming PUP-acylphosphate or Nedd8-acylphosphate to
a POI, proteins that associate with the POI have been
identified. Since Nedd8 is an endogenous modification process
in cultured mammalian cells, evaluation of the specificity of
the tagging process is more complex than PUP. Furthermore,
it remains unknown how elevated Nedd8-modification of
individual proteins may impinge on native signaling/protein-
association networks.

An extension to the Nedd8 approach has also been applied to
identification of ligand—protein interactions. In this case, SNAP
tag, an epitope tag that reacts irreversibly with a benzyl guanidine
(Hill et al., 2016), was fused to an engineered Nedd8-conjugating
enzyme Ubc12 that is capable of conjugating a biotinylated
Nedd8 to proximal proteins. When a benzyl guanidine tag was
fused to a small molecule of interest, such as Dasatinib, a
Bcr-Abl/Src kinase inhibitor, known binders of Dasatinib were
modified by Nedd8.

The PUP-based method can identify interactions that are very
low affinity in vitro (maximumKd ∼ 250µM). Cell-based studies
focused on the interactome of membrane proteins including
CD28 (Liu et al., 2018a). Critically, modification by PUP was
exclusively at lysine. Furthermore, several new interactions were
identified, and these interactors were dependent on the presence
of the CD28 C-terminal tail (Figure 3C). The experiments were
carried out over a period of 24–36 h, timescale to similar to those
used in Bio-ID.

The PUP/Nedd8 methods have strengths and weaknesses
similar to Bio-ID as the intermediate formed is an acylphosphate
(similar to the acyl-AMP intermediate Di Sabato and Jencks,
1961) and the protein turnover mechanism and kinetics may be
similar. However, it is noteworthy that acylphosphate half-lives
are variable in solution and biological systems (being dependent

Frontiers in Chemistry | www.frontiersin.org 12 March 2019 | Volume 7 | Article 125

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Long et al. Application of Chemical Biology in Biological Mapping

likely on enzymatic and metal-catalyzed hydrolysis, to name
two variables Di Sabato and Jencks, 1961; Parvez et al., 2018).
Thus, careful considerations must be placed on the cellular
backgrounds used when comparing the half-lives/diffusion
distances of these systems. Although a similar concern applies to
phenoxy radicals, such as are generated by APEX, the interaction
preferences andmodes of interaction/destabilization are different
between acyl phosphates and radicals (Parvez et al., 2018). Thus,
factors affecting longevity, diffusivity and off-target interactions
are likely different between the methods. Interestingly, although
both Bio-ID and PafA are ATP-hydrolyzing proteins whose
kinetics are readily assessable in vitro, these have not been
quantitatively compared. It has been shown that PafA is more
readily auto PUPylated than BirA is auto-biotinylated (Liu et al.,
2018a), but these outputs could be dependent on multiple
factors not necessarily intrinsically linked to the activities of
the enzymes.

There is also a significant difference in sizes between
Nedd8/PUP and biotin. These differences clearly affect several
biophysical aspects of the reactive intermediates, including: (1)
the diffusion properties of the two molecules (diffusion distances
decrease rapidly in cells as a function of size Parvez et al., 2018);
(2) how themodified proteinsmay behave, in terms of association
and stability over the long duration required for the experiment;
(3) how the cell is affected; (4) the intrinsic reactivity biases
of each probe; and yet (5) mean that for Nedd8/PUP both the
activating protein AND the substrate’s locale can be controlled to
zero-in on associations/effects in specific locales.

Finally, it is noteworthy that immediately post synthesis,
PafA is able to activate PUP and label interacting proteins.
Maturation of T cells (and T-cell receptors, such as CD28)
is complex (Wucherpfennig et al., 2010), and it is unknown
precisely where upon thismaturation process PUP ismost readily
able to label the CD28 interactome. Almost certainly, PUP is
available at themembrane surface where CD28 ultimately resides,
but it is unknown if PUP is present at points along the CD28
maturation process. Furthermore, because the dwell time of
CD28 is relatively short during its maturation compared to its
final localization (Stoops et al., 2015), and PUP-IT is relatively
slow to label proteins, it is likely some chaperones aremissed even
if PUP were to be available at all points along the maturation
pathway. APEX, with its faster labeling kinetics and small
molecule substrate would likely be able to ID more potential
interacting proteins (especially from locales where CD28 does
not ultimately reside), especially if used in conjunction with
inhibitors. Of course, unlike the small molecule substrate of
APEX, PUP can be specifically targeted to specific locales along
the CD28 maturation pathway. For instance, attempting to ID
CD28 associating proteins using cells expressing ER-localized
PUP, would illuminate “only” ER-specific interactors, provided
PafA and PUP are functional in the ER.

Other Reactive-Molecule-Based Methods

and Extensions
Other reactive-molecule-generation methods have recently been
disclosed that function similarly to those discussed above, such
as reactive N-arylation by N-acyl transferases (Kleinpenning

et al., 2018). Although, so far these new techniques have not
particularly expanded the repertoire of reactive molecule-based
probes, they do have different requirements/cofactors needed for
activity. Thus conditions where deployment of these probes is
more informative than APEX and BioID may thus not yet have
been discovered/assayed. Extensions to APEX and BioID have
focused on trying to extract more data from the labeling reactions
than simple protein ID using BioID and APEX (Udeshi et al.,
2017; Kim et al., 2018). The logic of these extensions goes that
a more detailed idea of the interaction region can be gained using
such strategies. However, in order for such experiments to work
well, the resolution would have to be less than the size of a protein
domain 2–5 nm—a scenario unlikely to be easily achievable based
on reported diffusion distances (Parvez et al., 2018). There would
also have to be assumptions that all residues react equally with
these high-energy probes.

COMPARISON WITH CLASSICAL
METHODS TO UNDERSTAND
LOCALIZATION AND ASSOCIATION

Protein localization is a critical parameter governing protein
function. For instance, many proteins gain new associations,
or functions upon translocation leading to important cellular
responses. In some cases, the amount of translocation or
partitioning of a protein between different organelles can be
minimal. For instance, only a 2- to 3-fold increase in nuclear
RNR-α levels can elicit suppression in DNA synthesis (Fu
et al., 2018). Whether such small fold changes could be reliably
detected by APEX localization studies and similar methods, in
our opinion, remains to be conclusively proven.

The question of where proteins localize has been studied
traditionally by immunofluorescence (IF) and fractionation. Both
methods are powerful and often give consistent outcomes. These
methods are ostensibly quantitative and so in principal can give
an idea of relative amounts of protein in one locale over another
and can measure even quite small changes.

However, it is worth remembering that traditional methods
tend to suffer from limited spatial resolution and low sensitivity.
This is for a number of reasons. First, both readouts are typically
made by antibodies, so validating specificity through the use of
clear controls (knockout/siRNA) are important and in reality in
IF and western blotting, background labeling can limit signal to
noise. Both methods suffer from intrinsic artifacts: for IF fixing
can affect protein localization antigen presentation, whereas use
of fluorescent proteins can affect target protein localization;
during fractionation proteins can leak from membranes or there
can be contamination from unintended structures. Thus, in our
opinion at least, perhaps the biggest improvement that reactive
labeling methods bring to localization studies is the ability
to couple an unambiguous readout (MS) to stringent tagging
protocol that is strongly spatially restricted.

There is estimated to be 650,000 protein-protein interactions
(PPIs) in human cells, although this number reflects only a
fraction of a percent of the total number of possible pairwise
interactions (Stumpf et al., 2008). There are likely many more
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possible associations when one considers protein-DNA/protein-
RNA interactions and non-degenerate higher order complexes.
Many of these PPIs are robust, with relatively long half-lives and
Kd’s in the nanomolar range. Such interactions can be readily
assessed by classic methods such as co-IP, native gel, or 2D-PAGE
gels. These methods have benefits in that they can be carried out
in native cells, tissue, etc. However, requirement for lysing of
the cells can introduce artifacts due to dysregulation of cellular
compartmentalization, allowing interactions that do not happen
in the cell to occur (Fu et al., 2018), or loosing weaker interactions
(French et al., 2016). Weaker/more transient associations can be
studied by semi-classical methods such as cross-linking (either
chemical or UV). Crosslinking methods have the benefit of
“trapping” the complex in the cell, prior to lysis, giving more
confidence of cellular relevance, and eliminating the possibility
of post lysis association. However, the use of reactive cross-
linkers also potentially brings in possibilities of off-target cross-
linking, can perturb cellular homeostasis, can mask epitopes, and
may not be compatible with other transformations/experimental
protocols. The reaction products of cross-linking experiments
are also complex aggregates that require extensive verification
and (typically) excellent antibodies that have been rigorously
validated. However, oftentimes protein complexes/aggregates
can be resolved using SDS-PAGE, allowing for identification
of hetero/homo-dimers and/or higher-order aggregates to be
assigned with reasonable accuracy (Aye et al., 2012).

Even though post-lysis associations are minimized by cross
linking, there is little information offered concerning where in
the cell this association occurs. This can be addressed by imaging
experiments. Fluorescence colocalization of FP, or otherwise
tagged proteins, or immunofluorescence has been used to
visualize associations in live cells (Pedley and Benkovic, 2017), as
has FRET (Kenworthy, 2001) and similar methods (Coffey et al.,
2016). The use of proximity ligation (Fredriksson et al., 2002;
Bellucci et al., 2014), which is read out via immunofluorescence
on fixed cells, is also increasing. This method uses DNA-tagged
antibodies that when in “close” proximity (40 nm) can template
a rolling PCR reaction, allowing for puncta to be observed in
specific cellular compartments where an association occurs. This
method is signal amplifying, and hence very sensitive. However,
since the distance covered (40 nm) by this method is much larger
than most proteins, resolution is likely insufficient to “prove” a
“direct” interaction.

There are numerous genetic methods to probe PPIs. The most
commonly investigatedmethod is the yeast-2-hybrid (Y2H) assay
(Vidal and Fields, 2014). This method uses a split transcription
factor one terminus of which is fused to a bait protein, and
the other terminus of which is typically fused to a series of
test proteins. Pairwise combinations of the bait and each test
construct are expressed in yeast. When the bait and a test protein
interact, the split transcription factor is able to form a viable
protein, and typically drives transcription of a gene required for
survival, such that only cells expressing proteins that interact
with the test protein survive. Aside from the requirement to use
ectopic protein and the fact that the native proteins are not used,
criticism has been levied at this method because yeast is not
a similar environment to human cells in terms of complexity,

organelle structure and the posttranslational modifications it
is capable of. Interactions must also happen in the nucleus.
Furthermore, many Y2H methods are based off a 2 micron-
plasmid system (Chan et al., 2013) that gives high expression
of each protein, which “may” provide false positives. However,
false positives are clearly not as detrimental as false negative,
which are also abundant due to incomplete coverage of screening
libraries, incomplete expression and poor folding. The use of
autosomally replicating sequence-containing plasmids can also
alleviate the issue of high protein expression/high copy number
(Newlon and Theis, 1993).

Y2H has been extended to mammalian cells, where more
complex modifications are possible, but many of the same
issues remained, and the library generations are arguably
more complex. Non-allelic non-complementation is a screening
method that looks for unexpected non-complementation (i.e.,
where a cross of two strains with mutations to different genes
do not give viable offspring) and can be carried out in numerous
organisms (Firmenich et al., 1995; Rancourt et al., 1995; Yook
et al., 2001). The likely explanation for such an effect is that
proteins reside in the same pathway, and commonly these
proteins form a complex that is so depleted in the double
heterozygote complementation is not possible. Although this is
clearly an indirect assay, it has proven very informative and
variations of this assay have been used to uncover interesting
aspects of cancer biology (Davoli et al., 2013). Aside from these
in-cell-relevant experiments, phage display has also been used for
HT-protein protein interaction screening (Gibney et al., 2018).
This method is of course sensitive and accurate. However, it lacks
the ability to be employed in cells (Kokoszka and Kay, 2015).

Chemotype Specific Sensing and
Signaling: REX Technologies
REX technologies developed by our laboratory were ultimately
aimed at studying the signaling function of reactive electrophilic
species (RES) in living systems with individual-protein specificity
and in precise space and time (Figure 4) (Fang et al., 2013;
Lin et al., 2015; Parvez et al., 2015, 2016; Long et al.,
2017a,b, 2018a; Hall-Beauvais et al., 2018; Surya et al., 2018;
Zhao et al., 2018). The method uses custom-designed bi-
functional small-molecule probes [such as Ht-PreHNE for
controlled release of a native electrophile 4-hydroxynonenal
(HNE)]. One terminus of the probe binds HaloTag irreversibly
by virtue of a pendant alkylchloride function. The other end
of the bi-functional probe delivers a payload of a specific
reactive electrophilic species, e.g., HNE, upon light illumination
(t1/2 of release for various enals/enone-derived electrophiles,
< 1min) (Lin et al., 2015). Upon RES liberation, sensor
proteins responsive to a given RES have to rapidly intercept
the RES prior to diffusion and/or degradation/metabolism (Liu
et al., 2019). Thus, the concept underlying REX technologies
is unusual in that it harnesses intrinsic “reactivity/affinity-
matching” between the released ligand and (a) POI(s) (Long
and Aye, 2016, 2017; Long et al., 2016, 2017c; Parvez
et al., 2018; Poganik et al., 2018; Liu et al., 2019). HaloTag-
targetable photocaged probes such as Ht-PreHNE (1–20µM)
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are tolerated by cells for > 2 h, and worms/developing fish
for several days (Parvez et al., 2016; Long et al., 2017a,b,
2018a; Hall-Beauvais et al., 2018; Surya et al., 2018; Zhao
et al., 2018). Ht-PreHNE does not affect DNA damage response,
ubiquitination, and several other essential processes in cells and
fish (Parvez et al., 2016; Long et al., 2017a,b; Zhao et al., 2018).

We discuss below two different REX technologies, as well as
potential or yet-unnoticed shortcomings of the method.

T-REX: Target-Specific Reactive Small-Molecule

Sensing and Signaling
T-REX (Figure 4A) uses a HaloTag-POI fusion to give the specific
POI first refusal for the RES (e.g., HNE) photouncaged fromHalo
(Fang et al., 2013; Lin et al., 2015; Parvez et al., 2015, 2016; Long
et al., 2017a,b, 2018a; Hall-Beauvais et al., 2018; Surya et al., 2018;
Zhao et al., 2018). In this way, a specific POI, providing it is
HNE-sensitive, can be HNEylated in the backdrop of a largely
unperturbed cell. T-REX gives relatively high RES-occupancy of
a specific POI, but incurs very little RES-modification/stress of
the total proteome (Parvez et al., 2016; Long et al., 2017a,b; Zhao
et al., 2018). Thus, T-REX is also a highly spatially-restricted
method and has proven to be compatible with numerous other
chemical biology/genetic techniques. Finally, because individual
POIs are modified, functional downstream responses elicited as a
consequence of specific POI—RES interaction can be read out.
Interestingly, proteins that are appreciably modified by HNE
under T-REX tend to undergo phenotypically-dominant effects
as a consequence of substoichiometric-HNEylation (Lin et al.,
2015; Parvez et al., 2015, 2016; Long and Aye, 2017; Long et al.,
2017b; Zhao et al., 2018). Thus, T-REX has established that some
proteins are wired to react rapidly with HNE and to modulate
signaling at fractional occupancy. We have dubbed such proteins
privileged first responders (PFRs) (Long and Aye, 2017; Parvez
et al., 2018; Poganik et al., 2018; Zhao et al., 2018; Liu et al., 2019).
Using T-REX, HNEylation, at individual protein-specific levels,
has been shown to impact numerous critical signaling subsystems
and pathway intersections, including ubiquitination (Zhao et al.,
2018) and phosphorylation (Long et al., 2017b).

The POI-specific nature of T-REX renders the method not
particularly high-throughput. G-REX (vide infra) (Zhao et al.,
2018) can assume this role if it is needed. Critically, because
T-REX uses ectopic expression, RES-labeling and downstream
signaling require the HaloTag protein to be fused to POI; and
expressing the POI and HaloTag separately and replicating T-
REX in this “split” control system ablates both the POI RES-
modification and signal propagation downstream (Lin et al.,
2015; Parvez et al., 2015, 2016; Long et al., 2017b). Similar
controls were recently introduced and shown to be effective
for APEX2 (Ariotti et al., 2015, 2018). We have also identified
point mutants that are enzymatically or functionally active but
do not sense the RES delivered under T-REX conditions (Long
et al., 2017b; Surya et al., 2018; Zhao et al., 2018). Notably, these
mutants are also refractory to downstream signaling changes
induced upon T-REX (Long et al., 2017b; Surya et al., 2018; Zhao
et al., 2018).

T-REX has found application to several model organisms,
such as C. elegans and larval zebrafish (Long et al., 2017b,

2018a; Hall-Beauvais et al., 2018; Zhao et al., 2018). G-REX has
as yet not been so applied. T-REX was used in fish embryos
to study the effects of HNEylation of two different sensor
proteins, Ube2V2 (Poganik et al., 2018; Zhao et al., 2018) and
Akt3 (Long and Aye, 2017; Long et al., 2017b). It was noted
that in these systems, expression of the transgenes was similar
to that of the endogenous proteins (Long et al., 2017b; Zhao
et al., 2018), rendering the systems more “natural” than that in
cultured cells where the level of Halo-POI-overexpression was
significant. Satisfyingly in both cases, delivery and downstream
signaling was observed in zebrafish similarly to cell culture.
However, because of the implicit requirement of UV-light that
is poorly tissue-penetratable, whole organism studies with T-
REX on, for instance, mice or adult fish, are not yet possible.
This current limitation would not restrict use in certain organs
like the brain or blood, however. Two-photon-based photocages
would render REX technologies more broadly compatible and
would also lower the overall impact of the method on UV-
sensitive molecules/processes, such as DNA-synthesis/repair and
RNA regulation.

G-REX: Genome-Wide Assay for Protein Reactivity

With Specific Electrophiles
G-REX (Figure 4B) was established to address limitations
underlying with the existing RES-sensor profiling strategies,
which rely upon high doses of reactive covalent chemicals
for long periods of time. Such flooding strategies tend to
incur significant off-target effects due to mass action. These
approaches, although they likely achieve high occupancy
and modification of multiple potential targets, also affect
physiology through, for instance, perturbing cellular redox
environment, and inducing stress and apoptosis. RES-
permeability, intracellular distribution, metabolism, and
specific subcellular redox environments, etc., altogether render
the consequences of cell treatment by a reactive molecule such as
HNE highly context dependent.

G-REX is designed to release a small, defined pulse of
(alkyne-functionalized) RES [e.g., ∼5µM of HNE over 2–5min
in HEK293T cells with ubiquitous Halo expression (Zhao
et al., 2018)]. Under these controlled conditions, PFRs to HNE
are identified. HNEylated proteins are biotinylated by Click
coupling with azido-biotin, precipitation, resolubilization, and
streptavidin enrichment followed by mass spectrometry. Using
this approach, several PFRs to HNE, including Ube2V2 and
Ube2V1, were identified as well as numerous known HNE
sensors. Importantly, any enriched hits from G-REX can be
validated for HNE-sensing and HNEylation-specific signaling
function using T-REX. By contrast, G-REX is not intended to
study downstream signaling.

UsingG-REX—T-REX coupled strategy, Ube2V2 andUbe2V1
were validated to be HNE-sensitive and modification impact
respective signal propagation downstream (Zhao et al., 2018).
Several biochemical methods further document these findings.
Thus G-REX is an unusual strategy in that it is a global
method that aims to achieve only low-occupancy on-target
proteins (Liu et al., 2019). Its spatial resolution is currently
unknown, although HaloTag itself has been successfully localized
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FIGURE 4 | REX technologies to interrogate precision electrophile signaling (T-REX) and mine kinetically-privileged sensors (KPSs) to specific reactive electrophilic

species (RES) (G-REX). (A) T-REX electrophile delivery. A functional Halo-POI fusion protein is expressed either transiently or stably in live cells, worms, or larval fish.

Treatment of these living models with a bio-inert REX probe [photocaged-RES (with or without alkyne functionalization)] (1–25µM, 1–2.5 h, depending on the system)

results in stoichiometric covalent binding of the probe to Halo. After several rounds of exchange with fresh growth media/buffer containing no probe (to washout the

unbound REX probe), light exposure (1–3min, 365 nm, 0.3–5 mW/cm2, depending on the system) liberates a specific RES of choice (with or without

alkyne-modification) within the microenvironment of Halo-POI, thereby giving the POI the first refusal to the RES. Labeling occurs provided the POI is a KPS of this

RES. Provided the resulting substoichiometric RES-modification of the POI is sufficient to elicit either gain-of-function or dominant-loss-of-function signaling responses,

T-REX presents a unique means to directly link target-engagement to function. [We define such sensors that can elicit dominant responses at low-occupancy as

privileged first responders (PFRs)]. When the alkyne-modified version of the probe is used, the magnitude of measured responses can be quantitatively correlated with

the POI-target-occupancy (by fluorescence-gel-based analysis following Click coupling of the alkyne-functionalized-RES-modified-POI with an azido-fluorophore).

(B) G-REX profiling. G-REX enables genome-wide direct ID of KPSs under controlled and RES-limited conditions. Cells ectopically expressing HaloTag-protein are

treated with the same REX probe used in T-REX (but the alkyne-modified version) under conditions similar to those deployed in T-REX. Without fusing Halo to any

proteins, G-REX approach that allows for user-defined time-, dose-, and locale-controlled release of a specific RES is set to directly capture (localized) native sensors

(i.e., KPSs) most responsive to the liberated RES, at low-occupancy covalent RES-modifications. Cell lysis and click coupling with biotin-azide followed by streptavidin

enrichment engender RES-bound KPS(s) to be ID’ed by digest LC-MS/MS. The resultant top hits can be functionally validated using T-REX (A).

to specific subcellular compartments. It remains unknown how
diffusive/reactive HNE is, which may intrinsically limit this
method’s utility to organelle-specific release.

G-REX has several method-specific limitations. First, G-REX
only releases a brief and low concentration pulse of RES. Thus, G-
REX is a “target-poor” strategy and could potentially miss some
privileged sensors. Such issues can be circumvented by repeating
experiments numerous (3 or more) times and further integrating
quantitative proteomics such as SILAC (Ong et al., 2002) or
TMT-labeling (Thompson et al., 2003). However, MS analysis
is costly and time consuming and these constraints should be
considered when planning/choosing G-REX. To enable target
ID, an alkyne-functionalized variant of native RES is used in G-
REX. For lipid-derived electrophiles (LDEs), alkyne tagging is
minimally (if at all) invasive, although alkynylated versions of
many drugs have been successfully deployed for successful target
ID (Wright and Sieber, 2016; Parker et al., 2017). Radioisotope
tagging or antibody affinity methods present alternatives

to alkyne. However, antibodies are much lower sensitivity
than alkyne-based Click coupling/enrichment, and radioisotope
incorporation may still prove difficult to apply to highly reactive
electrophiles, where there is significant background radioactivity,
especially given the low occupancy of RES-modification that
underlies G-REX. To users’ benefit, biotin/streptavidin-based
enrichment permits the non-alkynylated electrophile to be used
as an “ideal” control for comparison.

VALIDATIONS AND
CURRENT LIMITATIONS

REX-probes currently rely on UV-illumination to liberate RES,
admittedly for a short period of time and at low-power light
sources that the data show does not affect the cell/animal in any
appreciable way (Parvez et al., 2016; Long et al., 2017a,b; Zhao
et al., 2018). Second, REX-platforms require ectopic expression

Frontiers in Chemistry | www.frontiersin.org 16 March 2019 | Volume 7 | Article 125

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Long et al. Application of Chemical Biology in Biological Mapping

of HaloTagged-POI (in T-REX) or HaloTag alone (in G-REX) to
enable localization and concentration of probe (e.g., Ht-PreHNE)
[and liberated RES (e.g., HNE)]. The effects of HaloTag protein
on cellular functions are not clearly known, although HaloTag
has been applied to numerous systems with little negative effects
reported (England et al., 2015).

Notably, identical modification/signaling outcomes are
achieved irrespective of N- vs. C-terminal HaloTagging on the
POI in T-REX (Lin et al., 2015; Parvez et al., 2016). This outcome
indicates that the origin of HNE-liberation is not particularly
relevant to sensing. Thus, it can be inferred that T-REX is
mimicking genuinely what happens post entry of the liberated
RES into the solvent cage of POI fused to Halo. However, we
are still unsure whether solvent cage entry is rate-limiting for
POI-modification, and if reorganizationmay cause unanticipated
issues that affect efficacy of for instance, POI RES-sensing, or
conformational properties of ligand and POI. These concerns
have been partially addressed by assaying in vitro relative rates
of HNEylation of POIs identified to be highly RES-reactive by
T-REX in cells/animals (Long et al., 2017b; Surya et al., 2018;
Zhao et al., 2018). All sensors assayed were found to be uniquely
HNE-sensitive. T-REX assays on POIs identified through G-REX
agree with these conclusions (vide infra).

Third, photocaged probes, such as Ht-PreHNE, may be
subject to inherent biases (intrinsic concern for any small-
molecule probe). Beyond deploying various REX-technical
controls and hypomorphic sensing-defective functional mutants
(Long et al., 2017b; Zhao et al., 2018), the in vitro and other RES
bolus dosing experiments in cells discussed above help assuage
this worry (Surya et al., 2018). Improved photocaging strategies
are presently being undertaken to further limit the possibility
of artifacts.

NON-TETHERED APPROACHES

All the above methods share the unifying theme that a “minor”
perturbation to typical signaling pathways occurs. Critically,
T-REX and G-REX use an ectopic protein anchor to ensure
such a system is maintained as much as possible, i.e., the
Halo protein serves in part to allow washout of excess probe,
ensuring any probe-specific perturbations of the system (due to
the lipid fragment of the probe, for instance) can be removed.
Similar techniques using non-localized/tethered probes have
been applied to mechanistic analysis and target ID, using dual
photocaging (Höglinger et al., 2017). However, in these methods,
the photocaged cannot be completely washed away, due to having
no probe-anchoring device, such as Halo. Organelle specificity
has been instead achieved by chemical means, such as fusing
triphenylphosphine to direct the probe to the mitochondria
(Wagner et al., 2018), and many pioneering contributions have
been made in this arena. The probe concentrations and those of

the released lipids are difficult to normalize under these systems,
and are likely not readily tunable or comparable between different
cells. When using an ectopic protein, as the ectopic protein
expression can be calculated, and the amount of precursor on
the protein can also be assessed, these values are much more
readily normalized. To some extent, the adverse effects of the
excess probe and the uncaged species can be circumvented by
irradiating specific sections of a cell. However, this approach is
restricted to single or a few cell-based analyses.

OUTLOOK

Our aim in this review is 2-fold: to stimulate discussion on
the fundamentals of chemical biology methods; and to highlight
methods development at the boundary of chemistry and biology
with the focus on emerging chemistry-driven perturbation
methods that shed light on the biological locale/interactome
and signaling consequences. It is at this intersection of
biochemical/enzymological and organic chemistry disciplines
where we feel chemical biology is most useful and where as a
field we need to go. Improvement and further expansion should
be built on our better understanding and appreciation of where
the field currently is in terms of limitations that it faces and
successes it has had, on our conscious and responsible use of
methods and understanding of systems to apply them, and on
having a firm idea of where the field is going. We strongly believe
that chemical biology has the ability to deeply probe complex
biological questions but our progress is hampered by reliance on
unrealistic models and analogy to former biochemical studies.
Using the most relevant model systems will be an enabling
step forward in successfully tackling the important problems
unsolvable by traditional genetics and biochemistry.
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