@y
L
€
(o
[0
_+—
o
a.
S
2
[0
O
%]
S
-
O
o
(@)
=

&

Research

Proteomics Evaluation of Chemically Cleavable

Activity-based Probes*

Marko Fonovi¢t§, Steven H. L. Verhelstt, Mark T. Sorumit, and Matthew Bogyoi]

Activity-based probes (ABPs) that specifically target sub-
sets of related enzymatic proteins are finding increasing
use in proteomics research. One of the main applications
for these reagents is affinity isolation of probe-labeled
targets. However, the use of cheap and efficient biotin
affinity tags on ABPs can be problematic due to difficulty
in release of captured proteins. Here we describe the
evaluation of activity-based probes carrying a chemically
cleavable linker that allows selective release of probe-
labeled proteins under mild elution conditions that are
compatible with mass spectrometric analysis. Specifi-
cally, we compare results from standard on-bead diges-
tion of probe-labeled targets after affinity purification with
the results obtained using chemoselective cleavage. Re-
sults are presented for multiple APBs that target both
serine and cysteine proteases. These results highlight
significant improvements in the quality of data obtained
by using the cleavable linker system. Molecular & Cel-
lular Proteomics 6:1761-1770, 2007.

Over the last decade, activity-based proteomics has be-
come a prominent method for profiling enzyme activities in
complex protein samples (for reviews, see Refs. 1-5). This
approach is dependent on small molecules termed activity-
based probes (ABPs)" that use chemically reactive functional
groups to covalently modify the active sites of a specific
enzyme class. Activity-based probes have been specifically
designed to target enzyme families with well established cat-
alytic mechanisms including proteases, kinases, lipases, gly-
cosylases, histone deacylases, and phosphatases (for a gen-
eral review, see Ref. 2). Among proteases, activity-based
probes have been mainly used for profiling the serine and
cysteine families because both utilize catalytic nucleophiles in
their active site that can be effectively targeted by a number of
classes of synthetically accessible electrophiles (6-12).
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One strength of ABPs is that they allow direct monitoring of
the regulation of enzyme activity, thereby providing informa-
tion that can be used to infer the function of targets. Perhaps
even more importantly, ABPs provide an efficient way to
enrich complex proteomes thereby making subsequent ana-
lytical analysis much simpler. Biotin is often used as a tag to
facilitate isolation of labeled proteins by affinity chromatogra-
phy on immobilized avidin. Biotin is commonly used because
it is relatively cheap and provides diffusion-limited binding to
avidin, thus allowing even low abundance proteins to be
isolated with high efficiency. The disadvantage of this high
affinity interaction with avidin is the harsh denaturing condi-
tions required to disrupt the biotin-avidin interaction. Because
these conditions are not directly compatible with mass spec-
trometry applications, samples must typically first be ana-
lyzed by SDS-PAGE, and subsequently proteins must be cut
from a gel for identification. This additional step leads to
significant loss of sample and can cause problems for pro-
teins that do not resolve well via gel electrophoresis. Alterna-
tively, proteins can be directly digested from the avidin resin;
however, contamination by avidin and endogenously biotiny-
lated proteins can be significant and in many cases will pre-
vent detection of low abundance targets. Furthermore the
on-bead digestion method leads to significantly more false
positives as a result of nonspecific binding of proteins to the
avidin resin. These false positive are particularly problematic
because hit validation is often the most costly and time-
consuming phase of proteomics studies.

To address some of the limitations of biotin, various cleav-
able linkers have been reported. These include acid-cleavable
linkers (13), peptide linkers that can be cleaved by a proteo-
lytic enzyme (14), and disulfide linkers (15). Although all of
these regents have proved advantageous for specific appli-
cations, all have disadvantages that limit their general use. In
particular, elution by acidic cleavage is often nonspecific, and
TFA must be removed from the sample prior to MS analysis.
Furthermore proteolytic elution requires introduction of an
additional protease and tends to be less practical because
elution efficiency is strongly dependent on protease activity.
Probes that utilize a disulfide-cleavable linker are not compat-
ible with buffers containing reducing reagents such as DTT
and are prematurely cleaved under many cellular conditions.

We have recently developed a diazobenzene linker that can
be cleaved to the corresponding anilines using a mild reduc-
ing agent (16). We present here the analysis of this cleavable
linker system applied to ABPs that target both cysteine and
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Cleavable Activity-based Probes

serine proteases. When compared with the on-bead digestion
of labeled targets, specific chemical elution produces more
reliable proteomics data that are free of background protein
contamination.

EXPERIMENTAL PROCEDURES

Synthesis of SV1 and SV31—Synthesis of these probes was car-
ried out using previously reported solid phase synthesis methods (8,
16). The cleavable linker was incorporated into the probe by coupling
of 4-(5-(2-N-Fmoc ethyl)-2-hydroxyphenylazo)benzoic acid using
standard solid phase peptide synthesis methods.

Synthesis of Cleavable Version of Fluorophosphonate DAP22C
Probe (MTS-I-49)—(2'-Chloro)-chlorotrityl resin was treated with
Fmoc-protected alanine under standard solid phase synthesis con-
ditions (4 eq of DIEA in methylene chloride). The chain was extended
under standard conditions using Fmoc-protected alanine (3 eq of
2-(benzotriazole-1-yl)-1,1,3,3-tetramethyluronium  hexafluorophos-
phate, 3 eq of 1-hydroxybenzotriazole, 6 eq of DIEA), 4-(5-(2-N-Fmoc
ethyl)-2-hydroxyphenylazo)benzoic acid (1.5 eq of PyBOP, 3.0 eq of
DIEA), and biotin (1.5 eq of PyBOP, 3.0 eq of DIEA) sequentially,
gently shaking in DMF. Removal of Fmoc protecting groups was
performed with 20% piperidine in DMF at room temperature. Cleav-
age from the resin with 2% TFA in methylene chloride (10 X 2 ml)
provided the free acid, which was concentrated in vacuo and used
directly without further purification. The above acid was treated with
(1-amino-2-phenylethyl)phosphonic acid diphenyl ester (1 eq), Py-
BOP (1.5 eq), and DIEA (3 eq) in DMF. The solution was stirred at
room temperature overnight to provide MTS-1-49, which was purified
by HPLC.

Preparation of Mouse Tissue Homogenates and Protein Labeling—
For tissue homogenate preparations, 60-90 mg of total protein from
mouse liver, kidney, spleen, and brain tissue were used. Mouse tissue
samples were homogenized using a bead beater in the presence of
acetate buffer (50 mm sodium acetate, 2 mm EDTA, pH 5.5) for
cysteine proteases or Tris buffer (50 mm Tris, 2 mm EDTA, pH 7.4) for
serine hydrolases. The non-soluble fraction was removed by centrif-
ugation (5 min at 13,000 X g), and total protein concentration was
determined by the Bradford method. Total protein concentrations in
homogenate preparations were in the range of 20-40 mg/ml, and 5
mg of total protein was used for a single labeling and enrichment
experiment. Cysteine proteases were labeled by addition of the SV1
probe (10 um final concentration) in the presence of DTT (2 mm final
concentration). Labeling was carried out for 2 h at room temperature.
For SDS-PAGE analysis the fluorescent probe SV31 (also at 10 um)
was used in place of SV1 because it allowed easier detection of
labeled protein bands. Serine hydrolases were labeled by addition of
MTS-I-49 (10 uM final concentration), and incubation was carried out
for 2 h at room temperature. Labeled proteins were detected by avidin
blot. Samples were separated by SDS-PAGE and transferred to a
nitrocellulose membrane (Bio-Rad). The membrane was blocked in
casein (5% solution in PBS) and incubated with streptavidin-horse-
radish peroxidase (dilution, 1:3500; Sigma) for 1 h at room tempera-
ture. After washing three times with 0.5% Tween in PBS, the mem-
brane was treated with SuperSignal West Pico Chemiluminescent
Substrate (Pierce) and exposed to HyBlot CL autoradiography film
(Denville Scientific).

Affinity Enrichment and Elution of Labeled Proteins— After protein
labeling, free probe was removed by a PD-10 gel filtration column
(Amersham Biosciences), and the sample was eluted in PBS buffer
(PH 7.4). Streptavidin beads (Pierce) were washed with PBS buffer
and resuspended in the eluate. The sample was incubated at room
temperature with shaking for 1 h. Streptavidin beads were separated
from the unbound fraction by centrifugation. The supernatant was

discarded, and the beads were sequentially washed with a series of
PBS buffers containing 0.05% SDS, 1 m NaCl, and 10% EtOH. Finally
the beads were washed with 100 mm ammonium hydrogen carbon-
ate. Washing was performed three times with each buffer solution.
After washing, beads were either used for “on-bead” digestion or
chemical elution. Chemical elution was performed by addition of
elution buffer (100 mm ammonium hydrogen carbonate, 25 mm so-
dium hydrosulfite) followed by incubation at room temperature for 15
min.

Sample Preparation for LC-MS/MS Analysis—For on-bead diges-
tion, streptavidin beads with bound proteins were resuspended in 100
wul of denaturing buffer (50 mm sodium hydrogen carbonate, 6 m urea).
Bound proteins were reduced in the presence of 10 mm DTT for 1 h.
Samples were alkylated by addition of 200 mm iodoacetamide (20 wl)
and incubated for 1 h in the dark. Unreacted iodoacetamide was
neutralized by addition of 200 mm DTT (20 wl). The urea concentration
was reduced by addition of distilled H,O (800 wl). Samples were
incubated with trypsin overnight at 37 °C and purified on a Vivapure
Cig spin column according to the manufacturer’s instructions
(Sartorius).

Proteins chemically eluted from streptavidin beads were denatured
by addition of an equal volume of 12 m urea. Reduction, alkylation,
and trypsinization steps were performed in the same way as de-
scribed for on-bead digestion. Prior to MS analysis, samples were
desalted using a Vivapure C,g spin column (Sartorius).

Detection of Labeled Active Site Peptides of Purified Bovine Ca-
thepsin B—Purified bovine cathepsin B was purchased from Calbio-
chem. Five micrograms of the protein was labeled by 10 um SV1
probe in the presence of labeling buffer (50 mm sodium acetate, 2 mm
EDTA, 2 mm DTT, pH 5.5). Samples were incubated for 2 h at room
temperature. Streptavidin beads (20 ul of bead slurry washed with
acetate buffer) were added to the sample, and incubation continued
for 1 h at room temperature. Unbound proteins were washed away,
and on-bead digestion was performed as described above. The di-
gested supernatant was stored, and the beads were washed three
times with 100 mm sodium hydrogen carbonate solution (1 ml). La-
beled cathepsin active site peptides were eluted by incubation of the
beads in cleavage buffer (100 mm ammonium hydrogen carbonate, 25
mwm sodium hydrosulfite) for 15 min. The cleavage buffer was removed
and replaced with fresh solution two times. All three eluted superna-
tants were pooled and prepared for LC-MS/MS analysis as described
below.

LC-MS/MS and Database Search—Samples were analyzed on an
LCQ DecaXP Plus ion trap mass spectrometer (Thermo Fisher) cou-
pled to a nano-LC liquid chromatography unit (Eksigent). Peptides
were separated on a BioBasic Picofrit C,5 capillary column (New
Objective). Elution was performed with an acetonitrile gradient from 0
to 50% in a 0.1% solution of formic acid over 40 min with overall flow
rate of 350 nl/min. The three most intense base peaks in each scan
were analyzed by MS/MS. Dynamic exclusion was set at a repeat
count of 2 with exclusion duration of 2 min. Database searches were
performed using the mouse National Center for Biotechnology Infor-
mation (NCBI) protein database using the Sequest algorithm (Thermo
Fisher). Peptides with XCorr values over 1.5 (+1 charge), 2 (+2
charge), and 2.5 (+3 charge) and ACn values over 0.1 were consid-
ered for further evaluation. Protein and peptide hits were statistically
reevaluated by Scaffold (Proteome Software). Peptide identifications
were accepted if they could be established at greater than 95%
probability as specified by the Peptide Prophet algorithm (17). Protein
identifications were accepted if they could be established at greater
than 99.0% probability and contained at least two identified peptides.
Protein probabilities were assigned by the Protein Prophet algorithm
(18).
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Fic. 1. Experimental outline of sample preparation for a cleavable activity-based probe. During the labeling step, the epoxide warhead
covalently binds to the active site cysteine in the targeted protease. Labeled proteases are then bound to immobilized avidin, and unlabeled
proteins are washed away. Specifically labeled proteins are released by reduction of the diazo linker in the presence of sodium hydrosulfite.
Eluted proteins can then be prepared for LC-MS/MS analysis by “in-solution” digestion. Cys Prot, cysteine protease.

RESULTS AND DISCUSSION

We have recently reported the synthesis of the probe SV1
that specifically targets papain family cysteine proteases (16).
This probe has an epoxide warhead and a biotin tag and
contains the diazobenzene cleavable linker that can be spe-
cifically cleaved with greater than 90% elution efficiency using
mild reducing conditions (16). Using this cleavable ABP, la-
beled target cysteine proteases are affinity-purified using an
avidin resin and then eluted by cleavage of the diazobenzene
linker using sodium hydrosulfite (Fig. 1). We therefore decided
to use this general probe as a starting point to evaluate the
utility of the cleavable linker system for activity-based protein
profiling applications.

When using standard (non-cleavable) activity-based probes

labeled with biotin, enriched proteins must be prepared for
MS analysis in either of two ways. They can be eluted by
denaturation by boiling in the presence of SDS, analyzed by
SDS-PAGE, and digested “in gel,” or they can be digested on
bead. In-gel digestion is time-consuming, requires higher
sample quantity, and is more prone to keratin contamination.
On-bead digestion is one of the most commonly used non-
gel methods for proteomics analysis of affinity-purified tar-
gets (19-22). In this approach, enriched proteins are dena-
tured, reduced, alkylated, and digested while they are
bound to affinity matrix such as immobilized avidin. How-
ever, natively biotinylated and abundant nonspecifically
bound proteins can still be present during the digestion step
even after stringent washing. These proteins produce false
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Fic. 2. Comparison of target identi-
fication by on-bead digestion and
chemical elution. A, structure of the
cleavable fluorescent probe SV31 that
allows direct analysis of probe-labeled
proteins by SDS-PAGE followed by B
scanning with a laser scanner. B, mouse
liver, kidney, and spleen lysates were
labeled with SV31 for SDS-PAGE analy-
sis (left panels) and by the SV1 probe for
direct mass spectrometric analysis (right

E-64 -  +

N O 'rj J’L OH
T N By
HO
SV31
Liver

protein | Accession MW chemical on bead
number cleavage digestion
cathapsin B | gi[74180941 | 37 kDa 9 (40%) 12 (40%)

cathepsin H
cathepsin X
cathepsin C

qi|13805172 | 37 kDa | 6 (27%) 8 (35%)
qi[6467378 | 34kDa | 5 (20%) 3 (18%)
0i[12832450 52 kDa 4 (24%) B (20%)

panels). Fluorescent protein bands that - — 36 kDa preiony commmed [glispnnzse | i | (%) " | AT (ECD
are competed by pretreatment with the cal B— ! D acetyl-coenzyme A | gi[20810027 | 42 kDa 0 5 (33%)
) A tH_ — a
gystglpe protease |nh|b|tor E-64 V\(ere °; O — alpha glabin 0i[12846939 | 15 kDa i 3 (26%)
identified as cathepsins. After enrich- albumin 1 | i[26340986 | 69 kDa 0 2 (6%)
ment on immobilized avidin, each of the — 22KDa guisinne S5 ||leonnzoz | S8kEac) 0 2uex)
three labeled proteomes was divided B sorbitol dehydrogenase | gi[1009706 | 40 kDa 0 2 (10%)
into two aliquots. One was prepared for
LC-MS/MS analysis by on-bead diges- E-64 - +
tion, whereas the other was chemically Kldney
eluted and digested in solution. Proteins
identified in each tissue lysate are listed Protsin | MW | g | S
with their accession number and theo- w:i“ﬁp@_'"g 9i[74180941 g; tga ggg;{h; 160‘;472:;}
. cathepsin 0i[13805172 a i
retical molecular mass. To compare both A — 36 kDa cathepsin X Gil6467378 | 34 kDa | 4 (22%) | 3 (18%)
approaches, the number of identified o L pmpiﬁﬂﬁ:gm‘q Bﬂllgggg‘z‘gg S2kDa | S04%) | o (gw}
E i A
peptides and percentage of amino acid Ccﬁa"*é— — 28kDa carboxylase :
. — — Acetyl- A i 1 42 kD o 4 (27%
sequence coverage are listed for each gt ol e i (27
. | albumin 1 gi[26340966 | 69 kDa 3 (8%) 3 (6%)
protein. Please r)ote. that_ molecular — 22 kDa glutathionetransferase | gi|6754092 | 24 kDa 0 3 (30%)
masses of cathepsins listed in the tables —— zela
are for unprocessed zymogens and are
therefore significantly larger than the E-64 - +
masses of processed, active cathepsins
observed on the SDS-PAGE gels. cat, Spleen
cathepsm. protein Accession | MW chemical on bead
number | cleavage | digestion
cathepsin B gil74180941| 37 kDa | 8 (40%) 13 (40%)
— 36 kDa cathepsin H qi[13905172| 37 kDa | 4 (22%) | 7 (35%)
catX— cathepsin X gi6467378 | 34kDa | 4(20%) | 3 (18%)
cat B— — 28 kDa cathepsin C gi|12832450| 52kDa | B (25%) 8 (26%)
cat H— ‘hemoglobin alpha chain| gi|12846939| 15 kDa 0 4 (49%)
ehe— hemoglobin beta chain | gi|12846616 16 kDa 0 3(30%)
albumin 1 qi|12846938| 69kDa | 3 (8%) 3 (9%)
proteasome subunit C2 | gi[26353732] 29 kDa 0 2 (13%)

_-.- — 22 kDa

positives and can interfere with identification of low abun-
dance targets.

One of the most significant advantages of the cleavable
linker strategy is that it avoids background resulting from
nonspecifically retained or endogenously biotinylated pro-
teins. However, for the cleavable linker to be of real value it
must allow highly efficient elution of targets. To test the sen-
sitivity of the cleavable probe we directly compared samples
of labeled proteins isolated by on-bead digestion and by
chemical cleavage (Fig. 2). We labeled mouse liver, kidney,
and spleen with the SV1 probe and divided each sample into

two aliquots. One was digested on bead, whereas the other
proteins were chemically eluted from the beads by linker
cleavage and digested in solution as described under “Exper-
imental Procedures.” In addition, a small amount of each
proteome was labeled with the related fluorescent probe
SV31 (Fig. 2A). This probe allows direct analysis of labeled
proteomes by SDS-PAGE followed by scanning of the gel with
a laser scanner. As expected the labeling profiles were similar
in all three proteomes, and the pattern of labeled proteins that
were blocked by pretreatment with the general inhibitor E-64
corresponded to the patterns observed previously for labeling
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Brain lysate
E-64 + — protein accession Mw chemical | on bead
number cleavage | digestion
cathepsin B gi|74180941 37 kDa | 7(23%) | 11(36%)
cathepsin X gi|11066226 34kDa | 2(7%) 0
; ubiquitin carboxy-terminal gi|25058057 25 kDa 0 5 (36%)
hydrolase L1
p e glyceraldehyde-3-phosphate gi|55153885 36 kDa 0 7(36%)
p— dehydrogenase
propionyl -coenzyme A gi|3905236 80 kDa 0 T(17%)
Cat X — — 36 kDa carboxylase
Cat B | lactate dehydrogenase gi|52880 37 kDa 0 4(20%)
- _ 28 kD tubulin beta gi|21746161 50 kDa 0 4(20%)
W— a tubulin alpha qi|13435777 50kDa | 2(6%) | 4(13%)
i triosephosphateisomerase gi|1864018 23 kDa 0 4(36%)
actin qi|49868 42 kDa 0 4(15%)
- alpha globin gi|12846939 15 kDa 0 3(42%)
————i hemoglobin gi|12846616 15kDa | 2(22%) | 4(36%)
@y
L
- C MS/MS spectra of two identified cathepsin X peptides
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Fic. 3. Determination of SV1 probe targets in mouse brain lysate. Mouse brain lysate was labeled with SV31 for SDS-PAGE analysis (A)
and with SV1 for direct mass spectrometric analysis (B). Targets were enriched by affinity binding to immobilized avidin and eluted by chemical
cleavage or digested on beads. All identified proteins determined with chemical cleavage and on-bead digestion are listed with their number
of identified peptides and amino acid sequence coverage (B). C, MS/MS spectra for both cathepsin X peptides determined in the sample
prepared by chemical elution are shown together with their charge and Sequest XCorr and ACn values. Cat, cathepsin.
of cathepsins B, X, H, and C by the related probe DCG-04 both cathepsins B and H. This may be due to differences in
(23). Consistent with these reported patterns of labeling, ca- secondary structure or post-translational modifications, or
thepsin X (also called cathepsin Z) was resolved above cathe- effects based on detergent denaturation. In all three pro-
psins B and H on the gel even though its molecular weight teomes on-bead digestion yielded samples contaminated
based on sequence alone suggests it should be smaller than  with background proteins. The main contaminant was propi-
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Cleavable Activity-based Probes

onyl-coenzyme A carboxylase, which is a natively biotinylated
protein. Other identified background contaminants were
abundant tissue proteins such as hemoglobin, albumin, and
transferases (Fig. 2B). The highest contamination was ob-
served in liver and kidney proteomes, where over 60% of all
identified peptides corresponded to background proteins.
Contamination was not as high in spleen lysate due to the
absence of carboxylases in this tissue. Samples obtained
from chemical cleavage on the other hand showed a minimal
number of background proteins while retaining good cover-
age of previously identified cysteine proteases (23). Impor-
tantly the overall sequence coverage of the identified cathep-
sin targets was virtually identical for both methods suggesting
that elution is nearly quantitative as reported previously for
this probe (16). As a further indication of the selectivity of the
linker system, on-bead digestion of the kidney proteome
failed to identify one of the primary cathepsin target proteins
(cathepsin C), whereas chemical cleavage provided confident
identification of cathepsin C with 18% sequence coverage.
Taken together these results suggest that chemical cleavage of
the diazobenzene linker is highly efficient and results in signifi-
cant reduction in background signals, thus reducing overall
false negatives produced by abundant background proteins.
We also applied the cleavable probe SV1 to brain lysate to
determine whether the reduced background and high sensi-
tivity observed in liver, spleen, and kidney samples could be
observed in other tissues that have typically produced high
background in our activity-based protein profiling experi-
ments (Fig. 3). SDS-PAGE analysis of brain lysate incubated
with the fluorescent probe SV31 showed labeling of two cys-
teine protease activities that could be inhibited by E-64 (Fig.
3A). Based on their molecular weight and inhibitor sensitivity,
these two proteases were predicted to be cathepsins X and B.
Direct on-bead digestion of enriched brain lysate identified a
total 11 proteins, but only two of them were positively identi-
fied as cysteine proteases (cathepsin B and ubiquitin carbox-
yl-terminal hydrolase L1; Fig. 3B). In contrast, MS analysis of
the chemically cleaved sample identified four proteins, and
two of these were identified as cysteine proteases (cathepsins
B and X; Fig 3B). As cathepsin B, cathepsin X, and ubiquitin
carboxyl-terminal hydrolase L1 (UCH-L1) are all members of
the papain family of cysteine proteases, they all represent
potential targets of the SV1 probe. However, UCH-L1 is a
highly abundant protein that makes up over 1% of total brain
protein content (24) making it a potential nonspecific back-
ground protein. Because SDS-PAGE did not show any fluo-
rescently labeled band at the predicted size of UCH-L1 and
the SV1 probe also failed to label recombinant UCH-L1,% we
concluded that UCH-L1 is in fact a false positive background
protein that was only identified in the on-bead sample. Fur-
thermore the weakly labeled 32-kDa protein that can be
blocked by E-64 pretreatment (Fig. 3A) was identified as

2 M. Fonovié, unpublished results.

cathepsin X in the chemical cleavage sample but was missed
in the on-bead digestion sample. Thus, the chemical cleavage
method both prevented identification of a false positive pro-
tein that seemed to be a legitimate target and helped to
identify a false negative target that was missed by on-bead
digestion due to high background contamination. In addition,
chemical cleavage produced clean MS/MS spectra that al-
lowed confident identification of probe-labeled cathepsin X
(Fig. 3C), suggesting that the enhanced selectivity does not
come at the cost of reduced spectral quality in the raw MS data.

To show applicability of the cleavable linker approach for
profiling of other catalytic classes of proteases in the context
of other probe scaffolds, we incorporated the diazobenzene
linker into the peptide backbone of the commercially available
probe DAP22C to make the probe MTS-I-49 (Enzyme Sys-
tems Products; Fig. 4A). DAP22C is a peptidyl aminoalkane-
phosphonate that has been reported to target the serine
proteases cathepsin G and chymotrypsin in vitro (25). How-
ever, it has not been used for any proteomics applications.
We used MTS-I-49 to label mouse liver extracts and analyze
the labeled sample by both SDS-PAGE (Fig. 4B) and by direct
chemical cleavage or on-bead digestion (Fig. 4C). Although
the on-bead digest again identified a large number of back-
ground and endogenously biotinylated proteins, the chemical
cleavage revealed predominant recovery of the S9 family clan
SC serine hydrolase, carboxylesterase 4. Overall the level of
background peptides was decreased by over 90% when
chemical elution was used for the sample preparation (Fig.
4C). Although the number of carboxylesterase peptides iden-
tified was reduced compared with the on-bead sample we
could still make a confident identification with nearly 40% cov-
erage of peptide sequence (Fig. 4D). Carboxylesterase 4 has not
been characterized on a functional level and has never been
confirmed to be catalytically active (26). It is not clear why we
were only able to identify this one esterase, but the lack of other
reasonable targets in the on-bead digestion sample suggests
that the probe may simply be inefficient or highly selective for
targets that are not active in mouse liver extracts.

Finally, we were interested to see whether the active site
peptides that are modified with the probe could be isolated
and identified by MS/MS analysis. This is particularly impor-
tant for applications of the cleavable linker system to ICAT
where probe-labeled peptides are exclusively recovered
whereas non-labeled peptides are washed away. Because the
active site peptides of all of the cysteine cathepsins are diffi-
cult to identify due to their large size as trypsin-digested
fragments, we tested the SV1 probe on purified bovine spleen
cathepsin B. After on-bead digestion of enriched labeled
cathepsins, active site peptides were eluted by chemical
cleavage, and active site peptides were identified from the
MS/MS fragmentation pattern. Surprisingly, not only cathepsin
B but also cathepsin S was identified in this sample. The mo-
lecular mass of the precursor ion and its MS/MS fragmentation
pattern showed the expected mass addition of 571 Da to the
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Cleavable Activity-based Probes

A B Mouse liver lysate
+MTS-1-49
o] = O
PhO\ H H
-P N N
po-f N N g
o] o H
N=N N o
H
HO' o] HN 5
protein Accession MW chemical | on bead
1 -le s fumber cleavags | digestion gi 15488664 (100%), 61612.7 Da Hypothetical protein MGC18894 [Mus musculus],
Iiver carbox gis488664 | 62kDa | 14(38%) | 20(51%) gi 21450339 ref NP_669179 hypotetical protein LOC234564 [Mus musculus]
2 - | propionyl-Coenzyme A | gi|13905236 80kDa | 3(8%) 22(45%) 14 unique peptides, 16 unique spectra, 16 total spectra, 213/561 amino acids (38% coverage)
carboxylase |
3_ glutathione-S-transferase | gi|2832492 25 kDa 2(12%) 8(44%) MFLSTLFLYS LATCVICGNP SSPPVVDTAH GKVLGKHVNV EGFSQPVAVF
: LGIPFAKPPL GSLRFAPPQOP AEPWSSVKNA TTYPPMCSQD AARGQAWNDL
4- a:epd-c:o,anzma gil20810027 42 kDa 2(15%) 5(26%) I TNRKEKIHL EFSEDCLYLN |YTPADFSKN SRLPVMVWIH GGGLKLGGAS
ase 2 SFDGRALSAY ENVVVVAIQY RLSIWGFFST GDEHSRGNWG HLDQVAALHW
: VODNIANFGG DPGSVTIFGE S5AGGYSVSIL ILSPLSKNLF HRAISESGVA
Eathorerioneyy gil18655689  16kDa |0 A2 )] FIPGMETKDY RPITEQIAVT AGHKTITSAV |VABMROKTE EoCLETMAKE
NLYKLSLQGD TKNSDQFVTS VLDGVVLPKD PKE|LAEKNF NTVPYIVWGIN
betaine-homocysteine i[22477957 45kDa 0 4(19%) KQECGWLLPT MTGFLPADVK LDKKKAIALL EQFASMTGIP EDIIPVAVEK
YTKGSDDPDQ IREGVLDAMG DVAFGVPSV| VSRGHRDTGA PTYMYEYQYY
Ll LAk - PSFSSPQRPK NVVGDHADDV YSVFGAPILR EGASEEEINL SKMVMKFWAN
hemaglobin alpha 1 i[12846938 15 kDa 0 3(25%) FARNGNPNGK GLPHWPKYDQ KEGYLHIGGT TOQAQRLKEE EVTFWTQSLA
acetyl-Coenzyme A i[26348293 | 19kDa |0 3(34%) MEAPAPTHNE: L
dehydrogenase
Ibumin 1 0i[26340966 69kDa |0 2(6%)
alcohol dehydrogenase 1 | g[32449839 | 40KkDa__| 0 3(20%).
glyceraldehyde-3- 0i|55153885 36 kDa ] 2(10%)
phosphate dehydrog
J-hydroxy-3- gi[12836439 57 kDa 0 2(8%)
methylglutaryl -coenzyme
A-synthase
carbamoykphosphate gi|82879179 165kDa |0 2(2%)
synthase 1
fructose bisphosphate gi[15723268 | 40kDa |0 2(6%)
aldolase
methionine qi[74150280 44 kDa ] 2(9%)
1
peroxisomal acy-CoA gi|2253380 75 kDa 0 2(4%)
oxidase
alycine N- 0i[15679953 33 kDa 0 2(10%)
nethy ferase

Fic. 4. Use of the cleavable linker probe for identification of serine hydrolases in mouse liver. A, structure of the phenoxy probe
MTS-I-49 that contains the cleavable linker and is similar in structure to the commercially available serine protease probe DAP22C. B, mouse
liver extracts were labeled with MTS-I-49 and analyzed by direct SDS-PAGE followed by biotin blotting. C, list of proteins identified by
LC/MS/MS analysis of on bead-digested or chemically eluted proteins from mouse liver extracts labeled with MTS-I-49. A hypothetical protein
was identified as the primary probe target after chemical cleavage. BLAST (Basic Local Alignment Search Tool) database searching identified
it as liver carboxylesterase 4 (D). A number of additional endogenously biotinylated proteins were identified in the on bead-digested sample.
The four most intensely labeled proteins from the gel image in B (labeled 1-4) likely represent the top four hits in the MS analysis in C based
on predicted molecular weights. The proposed assignments are indicated using numbers corresponding to the number of the hits in the table

in C. PhO, phosphonate.

active site cysteine corresponding to the cleaved probe frag-
ment (Fig. 5). These data confirm that the probe labeled active
site cysteine residues and that it could be used to specifically
isolate and sequence the active site peptides labeled in the
target proteases. In all of our labeling and enrichment experi-
ments, we never identified any peptides derived from the pro
regions of the zymogen forms of any proteases (Fig. 6). These
data fit with the finding that the probe only showed modification
of proteins in the size rage of the mature cathepsins when the

samples were analyzed by SDS-PAGE and confirm that our
probe labels only catalytically active proteases.

In conclusion, our results using multiple activity-based
probes that contain the chemically cleavable diazobenzene
linker suggest that these probes will be valuable tools for
direct proteomics profiling of active serine and cysteine pro-
teases. The major advantage of this cleavable linker system is
its ability to reduce background signals resulting in reduction
in the number of both false positives and false negatives. We
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A Base peak

Boe,58

Cathepsin B

aminoacid Bions_ Yions i
D 116.1 P 20
Q 244.23 2573.13 e
G 30128 + 2445.00 i
S 38835 + 2387.94 e 1073.83 SR
C+57 548.52 2300.87 20 asse o 7 14a7.00
G 605.57 + 21407 el e e 190502 raman 1gaz,16
5 692.65 + 2083.65 : |
C+571 1366.79 + 1996.57 + < 400 so0 800 1000 :rsgo RELT 1800 1800 2000
W 1553.00 132243 +
A 1624.08 + 1136.22 +
F 177126 + | 1065.14 +
G 1828.31 917.96 4+
A 1899.39 + 860.91 +
v 1998.52 789.83 1+ MS/MS spectrum
E 2127.63 690.70 +
A 2198.71 561.59 + charqge +3
I 2311.87 49051 + 100 S s 1n XCo?r 4.16
s 2398.95 377.35 + 0 :
D 2514.04 20027 4+ oo ACn0.13
R Z 175.19 o aatea
g o 1198 78
B 1268 76
§n o s4ms2
=0 B10.43 i 1817.32
s34 7E A0, e 187785
Y Arren ;843.65
o
e ey P oo tmmo 1ese oo oo =ooo
B Base peak
Cathepsin S -
|0
8o
amino acid B ions Y ions o
¥ | 164.18 I 8
Q 292.31 2713.36 2°
G 349.36 2585.23 2o
A 42044 + 2528.18 Fa
C+57 | 58061 + 2457 1 £
G 637.66 2296.94 3o
s 724.74 2239.89 20 Py,
c:3?1 1 gg_g_g + 2‘1;$g; — i s e s 102321 123543 1 357.710“31 - e 1915,84
ﬁ ;“B:' 13: gg;';g + g 400 00 BO0 1000 1200 1400 1800 1800 2000
; . + ez
S 1891.42 1073.20 +
A 1962.50 + 98612+
W 2061.63 891505 +
G 2118.68 81592 +
A 2189.76 758.86 4+
L 302,92 687.79 +
E 432.03 57463 4+ MS/MS speCtru m
A 2503.11 44551 +
Q 2631.24 37443 + , a15.30 .
v 2730.37 246,30 o charge +3
K B 14717 b XCorr 3.13
= ACn 0.29
7O
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%D 214 55
E = FEH S ¥ 107281
::W 1281 .’;7“'5?
574,15
20
G 420,01 R PP 1985,17

1808,60

a0 Boa BOO 1000 LECT 1400 1800 1800 2000
mez

Fic. 5. Detection of labeled active site peptides of cathepsins B and S. Purified bovine cathepsin B (Calbiochem) was labeled with SV1 (10 um)
and bound to immobilized streptavidin. The sample was digested on bead followed by washing to remove non-active site labeled peptides. The labeled
active site peptides remained bound to the beads and were specifically eluted by reduction cleavage with sodium hydrosulfite. MS/MS analysis revealed
the presence of active site peptides of both cathepsins B (A) and S (B) suggesting that the commercial sample was contaminated with cathepsin S. Due
to the large molecular mass of the active site peptides, only triply charged species were detected. The tables at /left show assignments of b and y ion
series (detected ions are marked) in the MS/MS scans of precursor ions; the base peaks and MS/MS spectra are shown at right.
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Cleavable Activity-based Probes

Cathepsin X
MASSGSVQQLPLVLLMLLLASAARARLYFRSGQTCYHP
IRGDQLALLGRRTYPRPHEYLSPADLPKNWDWRNVNG

VNYASVTRNQHIPQYCGSCWAHGSTSAMADRINIKRKG
AWPSILLSVQNVIDCGNAGSCEGGNDLPVWEYAHKHGI
PDETCNNYQAKDQDCDKFNQCGTCTEFKECHTIQNYTL
WRVGDYGSLSGREKMMAEIYANGPISCGIMATEMMSN

YTGGIYAEHQDQAVINHIISVAGWGVSNDGIEYWIVRN

SWGEPWGEKGWMRIVTSTYKGGTGDSYNLAIESACTE

GDPIV

Cathepsin H
MWAALPLLCAGAWLLSTGATAELTVNAIEKFHFKSWM
KQHQKTYSSVEYNHRLQMFANNWRKIQAHNQRNHTFK

MALNQFSDMSFAEIKHKFLWSEPQNCSATKSNYLRGTG
PYPSSMDWRKKGNVVSPVKNQGACASCWTFSTTGALE

SAVATASGKMLSLAEQQLVDCAQAFNNHGCKGGLPSQ

AFEYILYNKGIMEEDSYPYIGKDSSCREFNPQKAVAFVK

NVVNITLNDEAAMVEAVALYNPVSFAFEVTEDFLMYK

SGVYSSKSCHKTPDKVNHAVLAVGYGEQNGLLYWIV

KNSWGSOQWGENGYFLIERGKNMCGLAACASYPIPQV

Cathepsin B
MWWSLILLSCLLALTSAHDKPSFHPLSDDLINYINKQN
TTWQAGRNFYNVDISYLKKLCGTVLGGPKLPGRVAFG

EDIDLPETFDAREQWSNCPTIGQIRDQGSCGSCWAFGA
VEAISDRTCIHTNGRVNVEVSAEDLLTCCGIQCGDGCN
GGYPSGAWSFWTKKGLVSGGVYNSHVGCLPYTIPPCE
HHVNGSRPPCTGEGDTPRCNKSCEAGYSPSYKEDKHFG

YTSYSVSNSVKEIMAEIYKNGPVEGAFTVFSDFLTYKS

GVYKHEAGDMMGGHAIRILGWGVENGVPYWLAANSW

NLDWGDNGFFKILRGENHCGIESEIVAGIPRTDQYWGR

F

Cathepsin C

MGPWTHSLRAVLLLVLLGVCTVRSDTPANCTYPDLLGT
WVFQVGPRSSRSDINCSVMEATEEKVVVHLKKLDTAY
DELGNSGHFTLIYNQGFGIVLNDYKWFAFFKYEVRGHT
AISYCHETMTGWVHDVLGRNWACFVGKKVESHIEKVN
MNAAHLGGLQERYSERLYTHNHNFVKAINTVQKSWTA
TAYKEYEKMSLRDLIRRSGHSQRIPRPKPAPMTDEIQQ

QILNLPESWDWRNVOGVNYVSPVRNQESCGSCYSFAS

MGMLEARIRILTNNSQTPILSPQEVVSCSPYAQGCDGGF

PYLIAGKYAQDFGVVEESCFPYTAKDSPCKPRENCLRY
YSSDYYYVGGFYGGCNEALMKLELVKHGPMAVAFEVH

DDFLHYHSGIYHHTGLSDPFNPFELTNHAVLLVGYGKI

PVTGIKYWIIKNSWGSNWGESGYFRIRKGTDECAIESTA

VAAIPIPKL

Fic. 6. Amino acid coverage of identified cathepsins. Positions of peptides identified in all labeling experiments (on bead-digested and
chemically cleaved) are shown mapped onto the amino acid sequences of each target protease (lines below sequences). Cathepsin pro regions
are shown in gray. None of the peptides mapped to the pro regions of any of the targets indicating that zymogen forms of the proteases were

not labeled by the probes.

believe this linker system will have broad value for all types of
small molecule proteomics probes that rely on affinity purifi-
cation methods as it will help to reduce the time-consuming
and expensive process of validating proteomics hits. In the
examples presented here we had the benefit of significant
knowledge of the types of targets we expected to identify with
our probes. In cases where general probes are used and
potential targets are unknown, these chemically cleavable
linkers will be particularly valuable.
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