
A Hexylchloride-Based Catch-and-Release System for Chemical
Proteomic Applications
Jennifer L. Brigham, B. Gayani K. Perera, and Dustin J. Maly*

Department of Chemistry, University of Washington, Seattle, Washington 98195, United States

*S Supporting Information

ABSTRACT: Bioorthogonal ligation methods that allow the
selective conjugation of fluorophores or biotin to proteins and
small molecule probes that contain inert chemical handles are
an important component of many chemical proteomic
strategies. Here, we present a new catch-and-release enrich-
ment strategy that utilizes a hexylchloride group as a
bioorthogonal chemical handle. Proteins and small molecules
that contain a hexylchloride tag can be efficiently captured by
an immobilized version of the self-labeling protein HaloTag.
Furthermore, by using a HaloTag fusion protein that contains
a protease cleavage site, captured proteins can be selectively
eluted under mild conditions. We demonstrate the utility of
the hexylchloride-based catch-and-release strategy by enriching protein kinases that are covalently and noncovalently bound to
ATP-binding site-directed probes from mammalian cell lysates. Our catch-and-release system creates new possibilities for
profiling enzyme families and for the identification of the cellular targets of bioactive small molecules.

Derivatized small molecule probes are valuable reagents for
studying biology. Support-bound small molecule ligands

have facilitated the enrichment of specific classes of low
abundance proteins, such as protein kinases.1−4 Furthermore,
immobilized analogues of small molecules that show interesting
properties in phenotypic screens are useful for identifying the
intracellular targets of bioactive molecules.5−7 Fluorophore-
and biotin-modified derivatives of small molecule probes that
covalently modify the active sites of their binding partners have
served as effective tools for profiling the activities of various
enzyme families. These activity-based protein profiling (ABPP)
probes have allowed the discovery of enzymatic activities that
are misregulated in various disease models and for the
selectivity profiling of inhibitors in physiologically relevant
contexts.8

The development of a number of robust bioorthogonal
reactions has revolutionized the design and use of small
molecule probes. These reactions allow the use of small
molecule probes that contain an inert chemical handle that
minimally perturbs their solubility, cell permeability, and
binding properties. Examples of bioorthogonal reactions that
have been successfully used for conjugation include Diels−
Alder cycloadditions,9,10 nucleophile additions to carbonyl
groups,11 Michael additions,12 thiol−ene reactions,13 Stau-
dinger ligations,14 and alkyne−azide cycloaddition reactions.15

Bioorthogonal reactions, in particular cycloaddition reactions
utilizing alkyne and azide tags, have found widespread use in
chemical proteomic studies. For example, azide and alkyne tags
have been incorporated into ABPP probes and used to examine
large families of enzymes.16−18

Many chemical proteomic studies rely on selectively
enriching covalently or noncovalently bound proteins for
subsequent identification and quantification. For small
molecule probes that contain a bioorthogonal chemical handle,
this is usually accomplished through selective conjugation to
biotin, followed by the enrichment of probe-bound proteins
with an immobilized protein (avidin or streptavidin) that
recognizes biotin. While this two-step enrichment procedure
has been successfully used in a number of proteomic
applications, there are several drawbacks to its implementation.
The bioorthogonal reactions used to conjugate biotin are not
always quantitative and in some cases can lead to irreversible
protein aggregation and precipitation from solution.19,20 In
addition, endogenously biotinylated proteins and proteins that
bind nonspecifically to the affinity matrix can lead to an
increase in the complexity of the sample being analyzed.21

Furthermore, the harsh elution conditions required to elute
captured proteins do not allow differentiation of specifically
versus nonspecifically bound proteins. While a number of biotin
analogues that contain releasable linkers have been developed
to overcome this limitation,22 the use of these reagents adds an
additional nonquantitative handling step to proteomic analyses.
Therefore, new bioorthogonal tags that circumvent the use of
biotin-streptavidin are needed.
Here, we present a new catch-and-release strategy that

utilizes a hexylchloride group as a bioorthogonal chemical
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handle. The hexylchloride tag is unique because it allows
chemo-selective and direct conjugation to a self-labeling protein
through a covalent bond. By incorporating a hexylchloride tag
into a small molecule probe of interest, probe-bound proteins
can be enriched with an immobilized version of HaloTag, which
is an engineered form of Rhodococcus dehalogenase that
undergoes a self-labeling reaction with alkylchlorides (Supple-
mentary Figure 1).23 Furthermore, by using a HaloTag fusion
protein that contains a protease cleavage site, captured proteins
can be selectively released under mild conditions. To

demonstrate the overall utility of this strategy, we show that
our hexylchloride/HaloTag catch-and-release system can be
used to enrich proteins that are either covalently or
noncovalently bound to kinase-directed probes.

■ RESULTS AND DISCUSSION

Design of a Hexylchloride-Based Catch-and-Release
System. Our strategy for designing a hexylchloride-based
catch-and-release system relies on the selective and rapid
reaction between alkylchloride-labeled molecules and an

Figure 1. Hexylchloride-based catch-and-release strategy. (A) Overall strategy for the catch-and-release of hexylchloride-labeled small molecules
probes and proteins. A protein that contains SNAP-tag fused to HaloTag through a selectively cleavable site serves as a linker between a solid
support and captured small molecule probes or proteins. The selective reaction between SNAP-tag and a chloropyrimidine (CLP)-derivatized resin
allows immobilization of the bifunctional fusion protein. The support-bound HaloTag enzyme is then able to capture hexylchloride-labeled probes or
proteins. Captured proteins are selectively released with a protease that cleaves the linker between SNAP-tag and HaloTag. (B) Comparison of the
release efficiencies for SNAP-tag/HaloTag fusions that contain either a TEV or SUMO protease cleavage site. A fluorescently labeled SNAP-tag/
HaloTag fusion protein is captured with a CLP-derivatized resin, and the fluorophore-modified HaloTag protein is released with a protease.
Quantitation of the fluorescence intensities of the flow through and elution fractions allows the efficiency of the capture and release steps to be
determined.
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immobilized version of the self-labeling protein HaloTag. In
order to exploit this bioorthogonal reaction for proteomic
studies, HaloTag must be able to be immobilized on a solid
support without loss of catalytic activity. Furthermore, a
method for the selective release of captured proteins is
required. Toward this end, we envisioned generating a fusion
protein that contains HaloTag linked through a protease
cleavage site to a domain that allows immobilization to a solid
support (Figure 1A). The self-labeling protein SNAP-tag (also
referred to as AGT), which is a mutant of O6-alkylguanine-
DNA alkyltransferase that undergoes an efficient self-labeling
reaction with benzylguanine derivatives, was chosen as the
immobilization domain.24−26 SNAP-tag is an attractive
immobilization option because it has already been demon-
strated that fusion proteins containing this self-labeling domain
can be displayed from surfaces derivatized with benzylguanine
analogues. Furthermore, it has been shown that both enzymes
maintain their catalytic activity in the context of a SNAP-tag/
HaloTag fusion protein.27 We next investigated the use of TEV
protease, which is used in the purification of TAP-tagged
proteins,28 to selectively release immobilized HaloTag. To test
the efficiency of this protease in our catch-and-release system, a
fluorescently labeled SNAP-tag/HaloTag fusion protein that
contains a TEV cleavage site was generated and tested (Figure
1B). As expected, the fluorescently labeled SNAP-tag/HaloTag
fusion protein was efficiently captured (>90%) by an agarose
resin displaying the benzylguanine derivative chloropyrimidine
(CLP) (Figure 1B). After immobilization of the fusion protein
and washing of the resin, TEV protease’s efficiency in releasing
the HaloTag portion of the SNAP-tag/HaloTag fusion protein
was determined. Disappointingly, the ability of this protease to
cleave the TEV site of this immobilized fusion protein was
modest. Even at a 1:2 ratio of TEV protease to immobilized

HaloTag protein, a low cleavage efficiency (∼20%) was
observed (Figure 1B). Therefore, the TEV cleavage site of
the fusion protein was replaced with a SUMO (small ubiquitin-
like modifier) tag, which when fused to proteins has been
shown to increase their solubility and expression levels.29

Furthermore, the SUMO Protease Ulp1 is able to cleave
SUMO-tagged fusion proteins directly after the C-terminal
glycine residue in SUMO with a high catalytic efficiency. This is
most likely because Ulp1 recognizes the tertiary structure of
SUMO, rather than a short peptide motif like the one
recognized by TEV protease. A fluorescently labeled SNAP-
tag(AGT)/SUMO/HaloTag (ASH) fusion protein was gen-
erated to test the immobilization and release of this construct.
Like the fusion protein containing a TEV cleavage site, >90% of
fluorescently labeled ASH was captured by the resin. Gratify-
ingly, the SUMO Protease Ulp1 was able to rapidly and
efficiently release the HaloTag portion of the immobilized
fusion construct. A 1:80 (w/w) ratio of Ulp1:immobilized ASH
allowed >85% of fluorescently labeled HaloTag to be released
from the resin (Figure 1B).
To demonstrate the stringency of the washes that can be

performed with the immobilized ASH constructs, this fusion
protein was immobilized on chloropyrimidine resin and then
subjected to various buffers, detergents, and salts. Following
these washes, HaloTag was cleaved from the resin with Ulp1 to
determine the overall cleavage efficiency. The ASH catch-and-
release system was found to be compatible with wash buffers
containing 0.1% Tween, 0.1% NP-40, 0.5 mM EDTA, 1 M
NaCl, and at pH 5−9 (Supplementary Table 1). Subjecting
immobilized ASH to high concentrations of detergents (>1%),
8 M urea, 6 M guanidine, or SDS (>0.1%) resulted in a
dramatic decrease in the cleavage efficiency of Ulp1. This is

Figure 2. Selective catch-and-release of a hexylchloride-labeled protein in HeLa lysate. (A) Schematic for the selective catch-and-release of
hexylchloride-labeled protein (HLPs). ASH is immobilized on resin and then incubated with mammalian lysate supplemented with a protein, HLP,
which contains a single hexylchloride tag (shown in pink). HaloTag selectively captures the HLP, and the SUMO protease Ulp1 releases HaloTag
(and any proteins that HaloTag has captured) from the beads. (B) Western blot analysis (anti-His6) of the catch-and-release experiment described in
panel A. (C) Silver stain analysis of the catch-and-release experiment described in panel A.
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most likely due to the partial unfolding of SUMO under these
conditions.
Catch-and-Release of Hexylchloride-Labeled Protein

in Cell Lysate. Encouraged by the high cleavage efficiency of
HaloTag from resin by Ulp1, we investigated the ability of the
fusion protein ASH to capture proteins labeled with a
hexylchloride tag. To test this, His6-SNAP-tag was covalently
labeled with the hexylchloride derivative 2 (Supplementary
Figure 2), resulting in a protein containing a single
hexylchloride moiety. This hexylchloride-labeled protein
(HLP) was then added to mammalian cell lysate and incubated
with resin displaying ASH. After a series of washes, HaloTag
and the HLP/HaloTag conjugate were cleaved from the resin
using Ulp1 (Figure 2A). Western blot analysis showed that
>90% of the hexylchloride-labeled protein was captured by pre-
immobilized HaloTag (Figure 2B). Gratifyingly, >90% of the
captured HLP was released from the resin as an HLP/HaloTag
conjugate following incubation with Ulp1. Only three proteins
(Ulp1, unmodified HaloTag, and the HLP/HaloTag conjugate)
could be detected in a silver stain analysis of the elution
fraction, demonstrating the selectivity of the Ulp1 release
strategy (Figure 2C). After optimizing the catch-and-release
strategy with a pre-immobilized ASH protein, we next explored
whether it would be possible to first capture hexylchloride-
labeled proteins with soluble ASH in a cell lysate and then to
subsequently capture this covalent complex with beads
displaying a SNAP-tag substrate. Gratifyingly, this strategy
provided a catch-and-release efficiency comparable to that for
the pre-immobilization strategy (Supplementary Figure 3).
While performing our catch-and-release experiments in cell

lysate, we noticed that a small percentage of HaloTag was
cleaved from the resin during the wash steps. We felt that this

was likely due to the presence of endogenous SUMO proteases.
To prevent the premature cleavage of HaloTag from the resin
by native mammalian SUMO proteases, various protease
inhibitors and inhibitor cocktails were employed. Unfortu-
nately, none of the protease inhibitors tested was able to
prevent premature cleavage of the ASH protein (data not
shown). Therefore, we explored the use of an orthogonal
SUMO/SUMO protease pair.30 Mutation of two amino acid
residues in the SUMO domain prevents recognition by native
SUMO proteases. This SUMO variant, called SUMO*, can be
cleaved by an engineered form of Ulp1, Ulp1*. Like Ulp1,
Ulp1* cleaves the C-terminal glycine residue of SUMO*.
Catch-and-release experiments in mammalian lysate were
repeated with a fluorescently labeled variant of ASH, ASH*,
that contains SUMO*. As expected, endogenous SUMO
proteases present in mammalian lysate do not cleave
immobilized ASH*. However, Ulp1*’s efficiency in releasing
HaloTag from resin (>85%) is similar to Ulp1’s ability to cleave
ASH (Supplementary Figure 4). Therefore, the Ulp1*/ASH*
pair was used in all subsequent experiments in mammalian cell
lysate.
We next investigated whether this system could be used to

enrich a protein, HLP, that had been labeled with a
hexylchloride tag in live cells (Figure 3). COS-7 cells were
transfected with a protein, His6-SNAP-tag, which can be
labeled with a single hexylchloride tag in cells. Transfected cells
were then incubated with the hexylchloride-labeling reagent 2.
In parallel, transfected control cells were incubated with
TMRstar, a rhodamine derivative that labels the model protein
but does not contain a hexylchloride tag, instead of
hexylchloride-labeling reagent 2. Both sets of cells were then
washed, lysed, and subjected to our optimized catch-and-release

Figure 3. Catch-and-release of an HLP from mammalian cells. (A) Schematic for the catch-and-release of an HLP from mammalian cells. COS-7
cells were transfected with a model protein capable of being singly labeled with a hexylchloride tag. Transfected cells were either incubated with a
hexylchloride-tagging reagent or a control compound. After washing, cells were lysed, and the lysate was incubated with immobilized ASH*.
Captured proteins were released by incubating the solid support with Ulp1*. (B) Silver stain analysis of the experiment described in (A).
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conditions with the ASH*/Ulp1* pair (Figure 3). Similar to the
lysate pull-downs described above, only three proteins
(HaloTag, Ulp1*, and the HLP/HaloTag conjugate) were
detected in the elution from the catch-and-release experiments
performed with cells that contain HLP (Figure 3B). As
expected, no band corresponding to the molecular weight of
HLP/HaloTag was observed in the elution from the control
experiment. Therefore, the ASH*/Ulp1* pair is capable of
selectively enriching hexylchloride-labeled proteins in the
presence of a full complement of cellular components.
Enrichment of Hexylchloride-Labeled Protein

Kinases. A chemical proteomic application for our catch-and-
release system was next investigated. We are particularly
interested in chemical probes that are able to covalently label
the ATP-binding sites of protein kinases. Affinity-based probes
of this type can be used for inhibitor selectivity profiling and for
the identification of aberrant kinase activities. Toward exploring
this application, a kinase-directed photo-crosslinker based on
the ATP-competitive inhibitor 3 was generated (Figure 4).
Inhibitor 3 is a potent inhibitor of the tyrosine kinase BTK and
the SRC-family of protein kinases.31 A crystal structure of the
catalytic domain of BTK bound to 3 shows that this inhibitor
occupies the ATP-binding site of this kinase, with the
pyrazolopyrimidine scaffold forming the same hydrophobic
and hydrogen-bonding interactions as the adenine ring of ATP
(Supplementary Figure 5). Interestingly, the ATP-binding site
of BTK adopts an inactive conformation when bound to 3 in
which a salt bridge between a conserved glutamate and the
catalytic lysine is disrupted by the movement of helix αC in the
N-terminal lobe.32,33 In order to convert inhibitor 3 into a

kinase-directed probe that is able to covalently label kinase
targets, it was derivatized with a benzophenone photo-
crosslinker at a position that would not be expected to disrupt
its interaction with the ATP-binding sites of protein kinases. A
hexylchloride tag was also incorporated into the benzophenone
moiety of probe 4 to allow enrichment of labeled kinase targets
with our catch-and-release system (Figure 4). Probe 4 was
tested for its inhibitory activity in an in vitro assay with the
tyrosine kinase SRC to confirm that modification of the kinase
inhibitor scaffold does not adversely affect its ability to interact
with protein kinases. Gratifyingly, probe 4 potently inhibits the
catalytic activity of SRC (IC50 = 49 nM).
The chemo-selectivity of the HaloTag labeling reaction

allows for two different labeling and enrichment strategies with
probe 4. In the first strategy (preconjugation), probe 4 is
conjugated to the active site of HaloTag in the ASH* fusion
protein. The ASH*-4 conjugate is then incubated with cell
lysate, and subsequently irradiated with UV light to covalently
label any bound targets. The SNAP-tag portion of ASH* can be
used to enrich any targets that are covalently linked to the
ASH*-4 conjugate. In the second strategy (post-conjugation),
unconjugated probe 4 is incubated with cell lysate, and then
irradiated with UV light. Labeled proteins can be captured
using ASH*. With both strategies it is possible to determine the
labeling efficiency of probe 4 for a specific protein target by
subjecting samples to SDS-PAGE and immunoblotting with a
target-specific antibody. Tethering a covalently modified target
to ASH* results in a significant gel shift compared to the
unlabeled protein and the percentage of crosslinked target

Figure 4. Catch-and-release of proteins labeled by the kinase-directed photo-crosslinker 4. (A) Chemical structure of Probe 4. Kinase inhibitor 3 was
converted into a photo-crosslinker by attaching a photoactivatable benzophenone moiety and a hexylchloride tag. (B) Pulldown schematic for the
catch-and-release of proteins photolabeled by probe 4. Cell lysate was incubated with probe 4, followed by irradiation with UV light. The lysate was
then successively incubated with ASH* and CLP-resin. After extensive washing, captured proteins were released from the resin by incubating with
Ulp1*. A parallel experiment was performed in the presence of an active site competitor (dasatinib). (C) Western blot analysis (anti-SRC) of the
catch-and-release of the tyrosine kinase SRC. Photolabeled SRC is captured by ASH*, and a SRC/HaloTag complex is released from the beads with
Ulp1*.
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protein can be determined with a gel-shift assay (Supple-
mentary Figure 6).
The crosslinking efficiency of both strategies was determined

for probe 4 with the kinase domain of SRC (SRC KD) using a
gel-shift assay. For the preconjugation method, the preas-
sembled ASH*-4 conjugate was added to mammalian cell lysate
(1 mg mL−1) supplemented with SRC KD and then irradiated
with UV light for 20 min. Immunoblot analysis of the
crosslinking reaction shows that 2.6% of SRC KD is labeled
by ASH*-4 (Supplementary Figure 6). As expected, no gel-
shifted SRC KD is observed when crosslinking is performed in
the presence of a competitor (dasatinib, 10 μM), demonstrating
that labeling is active site directed. When unconjugated probe 4
was first incubated with cell lysate (1 mg mL−1) supplemented

with SRC KD and then irradiated with UV light prior to
conjugation to ASH* (post-conjugation method), a higher
crosslinking efficiency was observed (10% of SRC KD). Like
the preconjugation method, no photolabeled SRC KD was
observed in the presence of an active site competitor. Due to
the higher crosslinking efficiency of the post-conjugation
method, all subsequent experiments were performed with
unconjugated probe 4. Next, a catch-and-release experiment
was performed with probe 4 in COS-7 cell lysate that had been
supplemented with 50 nM SRC (Figure 4B). Lysate containing
probe 4 was irradiated with UV light and then incubated with
ASH*. Western blot analysis showed that 11% of total SRC was
labeled by probe 4 (Figure 4C). The irradiated lysate was then
added to beads displaying CLP, and the affinity matrix was then

Figure 5. Catch-and-release of protein kinases noncovalently bound to a probe that stabilizes an inactive ATP-binding site conformation. (A)
Structures of inhibitors 5, 6, and 6control. (B) A schematic of the binding interactions that the type II inhibitor 5 makes with the ATP-binding sites
of protein kinases (residue numbering for the tyrosine kinase SRC is shown). (C) Inhibition data for 5 against a panel of protein kinases. (D) The
overall strategy for the catch-and-release of lysate proteins bound to probes 6 and 6control. HeLa lysate was added to pre-immobilized ASH*
displaying 6 or 6control. After extensive washing, bound proteins were released with Ulp1*. Eluted proteins were subjected to SDS-PAGE and then
identified by tandem mass spectrometry (MS/MS). (E) Western blot analysis (anti-SRC) of a catch-and-release experiment performed with HeLa
lysate that was enriched with the tyrosine kinase SRC. (F) Silver stain analysis of the catch-and-release experiment performed with 6. Proteins that
were selectively enriched with probe 6 are shown in Table 1.
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washed extensively prior to incubation with Ulp1* (Figure 4C).
Analysis of the flow-through of the capture step shows that
nearly all of the ASH*-conjugated SRC was captured by the
resin. Furthermore, almost all of the captured SRC was released
from the beads as a SRC/HaloTag conjugate upon incubation
with Ulp1*. Thus, the ASH* construct can be used to
efficiently catch and release proteins that have been covalently
labeled with a hexylchloride-derivatized probe.
Enrichment of Noncovalently Bound Kinases. Beyond

the catch and release of covalently labeled proteins, we were
interested in exploring whether the ASH* system can be used
to enrich proteins that are noncovalently bound to a
hexylchloride-tagged probe. To test this, catch-and-release
experiments were performed with hexylchloride-derivatized
ligands that stabilize a specific inactive form, called the DFG-
out conformation, of the ATP-binding sites of protein kinases
(Figure 5A). The DFG-out inactive conformation is charac-
terized by an almost 180° rotation of the conserved Asp-Phe-
Gly (DFG) motif, relative to the active conformation, which
exposes a hydrophobic pocket that is accessible to small
molecule inhibitors. A number of inhibitors, commonly referred
to as type II inhibitors, have been identified that stabilize
kinases in the DFG-out conformation (Figure 5B).34−37 Type
II ligands contain three conserved features: (1) a hetero-
aromatic moiety that makes many of the same contacts as the
adenine ring of ATP, (2) a hydrophobic group that occupies
the pocket created by the movement of the DFG motif, and (3)
a hydrogen bond donor/acceptor pair that interacts with the
backbone of the DFG motif and a conserved glutamic acid in
helix αC. In this study, we were interested in identifying the
kinase targets of inhibitor 5, which is an analogue of a series of
potent type II inhibitors that target the SRC-family kinase
LCK.38 5 potently inhibits the catalytic activities of protein
kinases that have been structurally characterized in the DFG-
out conformation (Figure 5C).
Many type II inhibitors form high affinity interactions with

their kinase targets and have slow association and dissociation
kinetics. These features have made performing affinity
chromatography with type II ligands challenging because it is
difficult to elute inhibitor-bound kinases under non-denaturing
conditions. For example, we previously developed a set of
affinity reagents based on a general type II pyridinyl triazine
inhibitor scaffold that are able to efficiently capture kinase
targets, but we were unable to elute bound proteins with a
soluble competitor.39,40 Support-bound kinases could be
released only in the presence of a detergent, which increases
the number of nonspecifically captured proteins that are eluted
and complicates mass spectrometric analysis. To determine
whether this is also true for affinity reagents based on inhibitor
5, we generated a support bound analogue of this ligand.
Immobilized 5 was incubated with mammalian lysate
supplemented with SRC kinase, washed extensively, and
subjected to elution conditions of increasing stringency. Like
the previous series of type II affinity reagents that we have
characterized, none of the captured kinases could be eluted
with a soluble competitor (100 μM of 5). Elution with 0.5%
and saturated SDS released a small percentage of SRC from the
resin; only boiling the affinity matrix in SDS-loading buffer
resulted in the release of a majority of the captured SRC kinase
(Supplementary Figure 7). Unfortunately, the latter conditions
also led to the elution of a number of other proteins that were
nonspecifically retained by the affinity matrix. Clearly,
conditions that allow selective release of probe-bound protein

targets would greatly benefit the proteomic characterization of
ligand 5.
Modification of inhibitor 5 with a hexylchloride tag generated

probe 6. To aid in the identification of specific kinase targets
during proteomic analysis, a control hexylchloride-tagged
compound, 6control, was also generated. 6control contains
the same core inhibitor scaffold as 6 but lacks the substituents
that interact with the hydrophobic pocket created by
movement of the DFG motif, which greatly reduces the affinity
of most kinases for this inhibitor. With the new hexylchloride-
tagged compounds in hand, we optimized our catch-and-release
conditions with mammalian lysate that had been supplemented
with SRC kinase. 6 and 6control were each immobilized on
resin displaying ASH* and then incubated with mammalian
lysate. Both resins were washed to remove any nonspecifically
bound proteins and then incubated with Ulp1* (Figure 5).
Western blot analyses of the elutions from both catch-and-
release experiments demonstrate that immobilized 6 is able to
enrich SRC kinase, while immobilized 6control cannot (Figure
5E).
Encouraged by these results, we tested the ability of ligand 6

to enrich endogenous kinases from HeLa lysate. Silver stain
analysis of the eluted fractions from this pull-down experiment
demonstrated that Ulp1* was able to release a number of
proteins from ASH*-immobilized 6 (Figure 5F). The proteins
eluted from catch-and-release experiments performed with 6
and 6control were separated by SDS-PAGE, trypsinized, and
then analyzed by mass spectrometry for identification. In total,
there were 13 protein kinases that were enriched by ASH*-
immobilized 6 but not by ASH*-immobilized 6control (Table
1). (See Supporting Information for a complete list of proteins

selectively enriched by probe 6.) The majority of the selectively
enriched kinases are members of the tyrosine kinase group.
Two of the tyrosine kinases, SRC and CSK, have been
structurally characterized in the DFG-out conformation.38,41−43

In addition to SRC, three additional SRC-family kinase
members, YES1, LYN, and FRK, were also enriched. While
these three kinases have not been observed in the DFG-out
conformation, the similar sensitivity of SRC-family members to
type II inhibitors makes it highly likely that they are able to
adopt this inactive form. All other enriched kinases have not
been structurally characterized in the DFG-out conformation,
although EPHA3 and EPHA7, which are highly homologous to
EPHA2, have been observed in this inactive form.44 To verify

Table 1. Kinases Selectively Enriched from HeLa Lysate with
ASH*-Immobilized 6

kinase no. of peptides identified kinase group

PTK2 3 tyrosine
EPHA2 2 tyrosine
FRK 1 tyrosine
SRC 8 tyrosine
YES1 2 tyrosine
LYN 3 tyrosine
CSK 18 tyrosine
CRKRS 1 CMGC
CDK3 1 CMGC
ULK3 1 other
EIF2AK2 1 other
SMG1 1 atypical
ZAK 1 tyrosine kinase-like
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that newly identified kinases are sensitive to the type II
inhibitor displayed from immobilized 6, we performed activity
assays with PTK2 and EIF2AK2 in the presence of 5 and
5control (Supplementary Table 3). Consistent with their
selective enrichment by ASH*-immobilized 6, 5 is a
submicromolar inhibitor of both PTK2 and EIF2AK2.
Furthermore, neither kinase is inhibited by the highest
concentration of 5control (10,000 nM) tested.
In conclusion, we have developed a new catch-and-release

strategy that allows the selective enrichment of hexylchloride-
labeled probes and proteins. This new enrichment strategy
leverages the rapid and selective reaction between the self-
labeling protein HaloTag and alkylchlorides. By using a
HaloTag fusion protein that contains an immobilization
domain (SNAP-tag) and a protease cleavage site, it is possible
to selectively release captured proteins with a protease. We
demonstrate that our strategy is able to efficiently capture and
selectively release proteins that have been labeled with a
hexylchloride tag. Furthermore, we show that kinases that are
noncovalently bound to a hexylchloride-derivatized probe can
be enriched with our catch-and-release system. The ability to
selectively elute probe-bound proteins creates numerous
opportunities for proteomic analysis, including the identifica-
tion of the targets of small molecules that show interesting
properties in phenotypic screens and the active site profiling of
low abundance enzyme families.

■ METHODS
Fluorescence Assay for Determination of Catch-and-Release

Efficiency. Purified ASH or ASH* (30 μM) was labeled with 1 (45
μM) in 50 mM HEPES buffer, pH = 7.5, 100 mM NaCl, and 1 mM
DTT for 1 h at RT. Fluorescently labeled protein was then rotated
with CLP resin for 1.5 h at RT. After incubation, the resin was washed
and then incubated with Ulp1 or Ulp1* protease. Eluted samples were
separated by SDS-PAGE and scanned with a GE Typhoon FLA 9000
fluorescent scanner. The intensities of fluorescently labeled protein
bands were quantified with ImageQuant software.
Catch-and-Release of Singly Labeled Hexylchloride Proteins

from Cell Lysate. ASH protein (2 μM) was added to a 200 μL
mixture of singly labeled protein (SNAP-tag) (500 nM), 50 μg
mammalian cell lysate, 1X protease inhibitor cocktail (Roche
complete), and 1 mM DTT in 50 mM HEPES, pH = 7.5. The
mixture was incubated at RT for 1 h and then incubated for 1.5 h with
60 μL (50% slurry) CLP resin. The beads were then washed twice with
Cleavage Buffer (50 mM Tris, pH = 8.0, 150 mM NaCl, 0.2% NP40,
and 1 mM DTT) and then incubated with Ulp1 (1:80 mass ratio) in
Cleavage Buffer for 2 h at 30 °C. Samples were then subjected to SDS-
PAGE and immunoblot analysis (anti-His, abcam) to determine
capture and release efficiency. Blots were quantified with Li-cor
Odyssey software.
Catch-and-Release of Proteins Labeled in Cells by a Single

Hexylchloride Tag. HeLa cells were grown in a 12-well plate,
transfected with SNAP-tag (New England BioLabs), and cultured for
24 h. Cells were then treated with 2 (10 μM) in 1 mL of serum-free
media for 1 h at 37 °C. Control cells were incubated with TMRstar
(10 μM) (New England Biolabs). Cells were then washed with media
(3X, 10 min) and PBS (2X). Cells were then transferred to a 1.5-mL
microcentrifuge tube and sonicated to lyse the cells. The lysate was
then incubated with resin displaying pre-immobilized ASH*. After a
series of washes (50 mM Tris, pH = 8.0, 300 mM NaCl, 0.1% Tween),
immobilized proteins were eluted from the resin with Ulp1* (1:20
mass ratio Ulp1*:ASH*). Samples were separated on 10% SDS-PAGE
gels and either silver stained (Invitrogen SilverXpress Staining Kit) or
immunoblotted (anti-His, abcam). Blots were quantified with Li-cor
Odyssey software.
Catch-and-Release of Hexylchloride-Labeled Protein

Kinases. After crosslinking using the post-conjugation technique

(Supporting Information), 4 × 50 μL wells were combined and DTT
was added to a final concentration of 2 mM. The sample was then
incubated with CLP resin for 90 min. After a series of washes (50 mM
Tris, pH = 8.0, 300 mM NaCl, 0.1% Tween), immobilized proteins
were eluted from the resin with Ulp1* (1:20 mass ratio Ulp1*:ASH*).
Samples were separated on 10% SDS-PAGE gels and immunoblotted
(SRC (36D10) antibody, Cell Signaling). Blots were quantified with
Li-cor Odyssey software.
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