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Abstract
Cathepsin X is a lysosomal cysteine protease that functions as a carboxypeptidase with broad
substrate specificity. Cathepsin X was discovered only recently, and its physiological roles are still
not well understood. A number of studies suggest that cathepsin X may be involved in a variety of
biological processes, including cancer, aging and degenerative conditions of the brain,
inflammation, and cellular communication. Here we present the synthesis and characterization of
several activity-based probes (ABPs) that target active cathepsin X. These ABPs were used to
label cathepsin X in complex lysates, whole cells, and in vivo. Furthermore, we have developed a
method for selectively labeling and visualizing active cathepsin X in vitro and in vivo. Overall, the
probes developed in this study are valuable tools for the study of cathepsin X function.
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Introduction
Cathepsin X, also known as cathepsin Z or cathepsin P, is a lysosomal cysteine protease that
belongs to the Clan CA/C1 cysteine protease family.(1,2) Unlike most members of this
protease family, cathepsin X functions solely as a carboxypeptidase and exhibits broad
substrate specificity.(2,3) The structure of cathepsin X is similar to that of other papain-like
enzymes; however, it contains a distinctive mini-loop that extends into the active site of the
enzyme and regulates its activity.(4) Cathepsin X is predominantly expressed in cells of the
immune system, including monocytes/macrophages and dendritic cells.(5) This expression
pattern suggests that cathepsin X may be involved in inflammatory processes.

Cathepsin X was discovered only recently, and its physiological roles are still not well
understood.(6,7) Cathepsin X may be involved in aging and pathological conditions of the
brain, including amyotrophic lateral sclerosis (ALS) and Alzheimer’s disease; increased
protein levels and enzyme activity are observed in mouse models of these diseases, as well
as in the brains of human patients with Alzheimer’s disease.(8) Cathepsin X may also play a
role in cancer processes.(9–13) Both mRNA and protein expression levels of this enzyme
are elevated in prostate tumors and gastric carcinomas.(9,10) Additionally, in the RIP1-Tag2
mouse model of pancreatic cancer, cathepsin X activity is higher in pancreatic tumors than
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in normal islets.(11) Cathepsin X may also be involved in cellular communication.(2) Both
the pro- and mature cathepsin X sequences contain integrin binding motifs, and cathepsin X
binds to heparin sulfate proteoglycans.(2,6,7,14) Furthermore, cathepsin X interacts with
integrin αvβ3 and the integrin β2 subunit, thus regulating cellular adhesion, phagocytosis,
and lymphocyte proliferation.(15–17)

Although cathepsin X seems to have important functions in a variety of normal and disease
conditions, the details of cathepsin X function remain elusive. Many of the putative
functions of cathepsin X have been proposed based on expression profiles and protein
abundance and localization studies. However, because many enzymes are expressed as
inactive zymogens or in complex with their endogenous protein inhibitors, protein
abundance and gene expression often do not allow the assessment of functional regulation of
a protease in a given biological process. In this study, we synthesized fluorescent activity
based probes (ABPs) that label active cathepsin X and used these probes to label this
protease in complex lysates, whole cells, and in vivo. Additionally, we developed a method
for selectively labeling and visualizing active cathepsin X in vitro and in vivo. The probes
developed in this study will be useful for future studies of the biological roles of cathepsin
X.

RESULTS AND DISCUSSION
Probe Design

Our group and others have developed ABPs that selectively label the cysteine cathepsins
both in vitro and in vivo.(18–24) Two commonly used cysteine cathepsin ABPs are DCG-04
and GB123.(18,22) DCG-04 was originally designed as a selective activity-based probe of
papain family cysteine cathepsins (18). It contains an epoxide warhead that covalently reacts
with the active site cysteine residue as well as a biotin tag attached via a lysine sidechain.
This biotin group can be easily replaced with a fluorescent tag to yield Cy5DCG04 (Figure
1, panel a). GB123, like DCG-04 is also a broad-spectrum probe for cysteine cathepsins
(22). It contains an acyloxymethylketone (AOMK) reactive electrophile and a Cy5
fluorophore as a tag (Figure 1, panel a). DCG-04 has been reported to label numerous
cysteine cathepsins in cell and tissue lysates, including cathepsins B, C, H, J, K, L, S, V, and
X.(18,19,25) GB123, on the other hand, labels only cathepsins B, S, and L.(21,22) We
synthesized Cy5DCG04 via a previously reported solid-phase synthesis technique, and the
Cy5 fluorophore was conjugated to the purified peptide at the final step (Supplementary
Scheme 1).(18,19) We then used GB123 and Cy5DCG04 to label proteins in total rat liver
extracts and in lysates from NIH-3T3 fibroblasts (Figure 2, panel a). The probes labeled
different subsets of the cathepsins, and cathepsin labeling was specifically competed by
pretreatment with JPM-OEt, a broad-spectrum cysteine cathepsin inhibitor.(11)
Interestingly, Cy5DCG04 labeled cathepsin X, while GB123 did not label this protease,
even when used at high concentrations. Cy5DCG04 could also be used at lower
concentrations in cell and organ lysates than GB123.

Cy5DCG04 and GB123 use different reactive functional groups to covalently modify target
proteases. Cy5DCG04 contains an epoxide electrophile, whereas GB123 contains an AOMK
electrophile. In order to determine if the reactive electrophile was responsible for the
differences in cathepsin labeling, we designed and synthesized ABPs: MGP151 (1), which
contains the primary peptide sequence of DCG-04, but uses an AOMK electrophile and
MGP140 (2), which contains the epoxide electrophile attached to the lysine and
phenylalanine peptide from GB123 (Figure 1). It should also be noted that, while the peptide
scaffolds of MGP151 and MGP140 contain the same amino acids found in the parent
compounds, they have reverse polarity relative to their original counterparts due to the
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placement of the reactive electrophile. We synthesized these two probes via previously
reported solid-phase synthesis techniques (Supplementary Schemes 2 and 3).(18,22)

We first used the probe to label total rat liver extracts and lysates from NIH-3T3 cells at a
variety of concentrations (Figure 2, panel b). MGP140 and MGP151 labeled two different
subsets of cathepsins in these lysates. Cathepsin labeling could be specifically competed by
pretreatment of the lysates with JPM-OEt suggesting that both retain specificity for cysteine
cathepsins. Similar to Cy5DCG04, MGP140 labeled multiple cysteine cathepsins, including
cathepsins X, B, H, and C. MGP151, on the other hand, was much more selective and
labeled only cathepsin B in both lysates. MGP151 was also a more potent label than
MGP140.

To confirm that only the epoxide-containing probes were capable of labeling cathepsin X,
we labeled purified enzyme with all four probes (Figure 2, panel c). As expected, both of the
epoxide-containing probes, Cy5DCG04 and MGP140, labeled cathepsin X in a dose-
dependent manner, while the AOMK-containing probes, GB123 and MGP151, failed to
label this protease. These results suggest that labeling of cathepsin X by ABPs is due to the
epoxide electrophile and not due to the peptide binding region. The crystal structure of
human cathepsin X offers some insight into these results.(4) Cathepsin X exhibits an S1
substrate binding site that is somewhat restrictive towards substrates and therefore may not
accommodate the steric bulk of the AOMK electrophile.(4)

We subsequently wanted to verify that these probes label active cathepsin X, as well as other
cathepsins, in intact NIH-3T3 cells (Figure 2, panel d). All of the probes labeled the cysteine
cathepsins, and labeling could be blocked by pretreatment of the cells with the pan-cathepsin
inhibitor K11777.(26) As previously observed in lysates, the epoxide-containing probes,
Cy5DCG04 and MGP140, labeled cathepsin X in addition to other cathepsins, including
cathepsins B, S, and L, whereas the AOMK-containing probes did not label cathepsin X.
Interestingly, MGP140 was a more potent cathepsin probe in intact cells than Cy5DCG04.
This is in direct contrast to what we observed in lysates, where Cy5DCG04 was more potent
than MGP140 (Figures 2, panels a and b). This result could be due to differential uptake of
the two probes. MGP140 is more hydrophobic than Cy5DCG04; therefore it is likely that
MGP140 more effectively enters the lysosomes in intact cells and labels the lysosomal
cathepsins. Of all the probes tested in intact NIH-3T3 cells, MGP151 was the most selective
for cathepsin B. Additionally, all the probes labeled cathepsins S and L in intact cells, but
not in lysates. It is possible that the preparation of cellular lysates may cause release of
endogenous protein inhibitors that block the activities of multiple cathepsins. Nevertheless,
these data indicate that epoxide-containing probes, such as Cy5DCG04 and MGP140, are
useful compounds for labeling active cathepsin X in whole cells. Furthermore, these results
demonstrate that MGP151 is an effective cathepsin B-selective probe in both lysates and in
intact cells.

Epoxide-containing ABPs label cathepsin X in vivo
We next evaluated our probes for cathepsin labeling in vivo. All four probes were
intravenously (i.v.) injected into mice and allowed to circulate for 2 h, after which the mice
were sacrificed, and their organs collected for biochemical analysis (Figure 3, panel a).
Similar to our results obtained in intact cells, all of the probes labeled the cathepsins in
multiple organs. The identities of the labeled proteins were confirmed by
immunoprecipitation with specific antibodies (Figure 3, panel b). As observed in intact cells,
the epoxide-containing probes Cy5DCG04 and MGP140 labeled cathepsin X, as well as
other cathepsins. Interestingly, MGP151, which contains an AOMK warhead, retained its
selectivity for cathepsin B in vivo. Overall, these results demonstrate that the observed
specificity of the cathepsin probes in intact cells is retained in vivo. However, the labeling
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intensities for the probes in intact NIH-3T3 cells differed from those observed in vivo. This
result could be due to differential uptake of the probes in intact cells and whole organs.
Finally, these data show that MGP151 is a potentially valuable cathepsin B-selective probe
that can be used in lysates, intact cells, and in vivo.

Design, synthesis, and evaluation of more selective ABPs for cathepsin X
Although both Cy5DCG04 and MGP140 label cathepsin X efficiently in lysates, whole
cells, and in vivo, neither are very selective for this protease. Previously, we developed an
inhibitor that was selective for cathepsin X (AMS36; Figure 4, panel a).(27) We therefore
decided to develop probes based on this general structure. We synthesized two probes,
MGP302 (3) and MGP310 (4), that differ in the placement of the Cy5 fluorophore. In
MGP302, the Cy5 fluorophore is attached at the N-terminal end of the main peptide
sequence, while, in MGP310, the Cy5 fluorophore is attached on the opposite side of the
epoxide from the peptide recognition elements. We synthesized both probes via previously
reported solid-phase synthesis techniques (Supplementary Schemes 4 and 5).(28)

Both probes labeled cathepsin X in a dose-dependent manner, although MGP302 labeled
this protease more strongly than MGP310 (Figure 4, panel b). We next used MGP302 and
MGP310 to label rat liver lysates (Figure 4, panel c). MGP302 showed a preference for
cathepsin X, especially at low concentrations (i.e., 50 nM). Surprisingly, MGP310 did not
label any of the cysteine cathepsins, but labeled a 42 kDa protein (Figure 4, panel c).
Isolation of the labeled protein using the biotin-tagged probe bMGP310, identified this
protein as bile acid-CoA:amino acid N-acyltransferase (BACAT), an N-acyltransferase
found in the liver that is essential for the digestion of dietary cholesterol (Supplementary
Figure 1).(29) BACAT contains a cysteine residue in its active site, and this residue is most
likely the site of covalent labeling by MGP310. Labeling of BACAT by MGP310 was
particularly surprising as we had never observed specific labeling of any non-cathepsin
enzymes by analogs of E-64 (a natural product inhibitor of the cathepsins that contains an
epoxide warhead like DCG-04). Furthermore, we did not label BACAT with MGP310 in
various liver cell lines and other tissues, suggesting that labeling could be due to very high
levels of this enzyme in liver tissue extracts (Figure 4, panel d and M.G.P and M.B.,
unpublished data).

We next evaluated cathepsin labeling in intact NIH-3T3 cells using MGP302 and MGP310
(Figure 4, panel d). Although MGP302 was fairly selective for cathepsin X in lysates, this
probe labeled multiple cathepsins in intact cells. Unexpectedly, MGP310, also labeled
numerous cathepsins in intact cells. This is likely due to the fact that ABPs such as MGP302
and MGP310 accumulate in lysosomes, leading to labeling of multiple lysosomal cathepsins.
To further characterize the properties of these probes, we performed in vivo labeling studies
(Figure 4, panel e). As seen in intact cells, MGP310 labeled numerous cathepsins. In fact,
MGP310 showed increased labeling of multiple cathepsins compared to MGP302. Overall,
the data we obtained in intact cells and in vivo suggest that it may be difficult to obtain
ABPs that are absolutely selective for cathepsin X. Even when probes are fairly selective in
lysates, they are often non-selective when used in intact cells or in vivo due to accumulation
in specific tissues and organelles.

Selective labeling of active cathepsin X in intact cells and in vivo
We found that the epoxide-based probes were efficient labels of cathepsin X, while the
AOMK probes were uniformly unable to label this protease. Therefore, we reasoned that it
should be possible to treat cells with a previously reported AOMK containing inhibitor,
GB111-NH2 (26), to block the active sites of all cysteine cathepsins except for cathepsin X
and then specifically label cathepsin X with an epoxide-containing ABP, such as

Paulick and Bogyo Page 4

ACS Chem Biol. Author manuscript; available in PMC 2012 June 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cy5DCG04 or MGP140. We pretreated NIH-3T3 cells with GB111-NH2 and then labeled
with Cy5DCG04, MGP140, and MGP302 (Figure 5, panel a). Using this approach, we were
able to selectively label cathepsin X. Importantly, pretreatment of the cells with saturating
concentrations of GB111-NH2 produced no ill effects; cells treated with these compounds
exhibited similar morphology and growth as cells treated with DMSO as a control (M.G.P.
and M.B., unpublished data).

We next applied this method to label active cathepsin X in intact KG-1 cells. KG-1 cells are
a human myeloblast cell line that differentiates to macrophage-like cells.(30) Notably, KG-1
cells express significant amounts of active cathepsin X and have been used in studies to
evaluate the biological roles of cathepsin X.(30) We first pretreated intact KG-1 cells with
GB111-NH2, or JPM-OEt as a control, and then incubated the cells with Cy5DCG04,
MGP140, or MGP302 (Figure 5, panel b). Both MGP140 and MGP302 effectively labeled
cathepsin X, however MGP302 gave significantly more background labeling. Based on
these results, we chose to use a combination of GB111-NH2 and MGP140 for all further
experiments.

We next used our method to fluorescently image active cathepsin X in intact KG-1 cells.
Live KG-1 cells were treated with MGP140 to label all active cathepsins, or with a
combination of GB111-NH2 and MGP140 to label only cathepsin X. As a control for non-
specific fluorescence, KG-1 cells were also pretreated with JPM-OEt, followed by labeling
with MGP140. Treatment of intact KG-1 cells with MGP140 or GB111-NH2/MGP140,
followed by imaging of the live cells by fluorescence microscopy gave a distinct punctuate
labeling pattern (Figure 5, panel c). This labeling pattern was blocked by pretreatment of the
cells with JPM-OEt. Furthermore, treatment of KG-1 cells with GB111-NH2 prior to
labeling with MGP140 resulted in a reduction of overall labeling signal compared to the
untreated cells. This signal overlapped with the signal from the lysosomal marker
LysoTracker (Supplementary Figure 2). Quantification of the total average fluorescence
signal per cell after background subtraction indicated that JPM-OEt blocked 81% of the
probe signal while GB111-NH2 blocked only 65% (Supplementary Table 1). This partial
block by GB111-NH2 suggests that the residual signal is due to active cathepsin X as
confirmed by our SDS-PAGE analysis. Furthermore our results are highly consistent with
the labeling patterns seen when KG-1 cells are treated with a cathepsin X-specific antibody.
(19,21,30) Overall, these data confirm that our method for labeling active cathepsin X
selectively in intact cells can also be used for imaging active cathepsin X in live cells.

We subsequently tested whether the inhibitor pretreatment method for labeling and imaging
cathepsin X selectively would work in vivo (Figure 6, panel a). Overall, we observed
selective cathepsin X labeling in both the liver and kidneys from mice treated with a
combination of GB111-NH2 and MGP140. In the spleen and heart tissues of these mice, we
found only weak labeling of cathepsin X and some indication of weak labeling of other
cathepsins even after pre-treatment with GB111-NH2. This result could be due to a
combination of poor biodistribution of GB111-NH2 in those tissues coupled with overall
low levels of cathepsin X. Regardless, results from these mouse experiments demonstrate
that a combination of GB111-NH2 and MGP140 can be used to give selective labeling of
cathepsin X in vivo.

Finally, we examined histological sections of the livers and kidneys from mice treated with
GB111-NH2 and either MGP140 or MGP141, a control probe for MGP140 that lacks the
epoxide electrophile thatdoes not label any of the cysteine cathepsins in vivo
(Supplementary Figure 3). Strong Cy5 fluorescence was observed in tissues from mice
treated with GB111-NH2 and MGP140 that was not seen in tissues from mice treated with
GB111-NH2 and the control probe MGP141 (Figure 6, panel b). Additionally, in tissues
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from mice treated with GB111-NH2 and MGP140, the Cy5 fluorescence from ABP labeling
overlapped significantly with the FITC fluorescence from antibody staining with a cathepsin
X antibody (Figure 6, panel c).

Conclusion
In conclusion, we have synthesized ABPs that label the cysteine cathepsins in lysates, intact
cells, and in vivo. Probes containing either an epoxide or an AOMK reactive electrophile can
be used to label the cysteine cathepsins; however, probes that contain a bulky AOMK group
are unable to label cathepsin X. Using this knowledge, we developed a method to selectively
label and visualize active cathepsin X in vitro and in vivo. To accomplish this, intact cells or
mice can be first treated with GB111-NH2, an inhibitor that blocks the active sites of all of
the cysteine cathepsins except for cathepsin X, followed by labeling with an epoxide-
containing ABP. We demonstrated the utility of this method for the labeling and
visualization of active cathepsin X in intact cells and in living mice. The chemical tools and
methods developed in this study will be valuable to the study of cathepsin X and its
biological functions both in vitro and in vivo. We are currently working to apply these tools
and methods to mouse models of cancer and other human diseases.

METHODS
General Methods

Purified human cathepsin X was a generous gift from V. Turk (Jozef Stefan Institute,
Slovenia). For all lysate and whole cell experiments, the inhibitors and probes were
dissolved in DMSO, and the final DMSO concentration of the reactions was maintained at ≤
0.2%. Fluorescent gels were scanned with a Typhoon 9400 flatbed laser scanner (GE
Healthcare). Fluorescent images were acquired on a Zeiss Axiovert 200 M inverted
microscope equipped with a 40X objective (Carl Zeiss). Slidebook software was used to
control the microscope and camera and for data analysis (Intelligent Imaging Innovations).
Quantification of fluorescence intensities was determined using ImageJ software (National
Institutes of Health). These data were then used to calculate numerical values for percent
inhibition. Male Balb/c nude mice (8 weeks old) were obtained from Charles River, and
female Balb/cJ mice (8 weeks old) were obtained from Jackson Labs. All mice were housed
in the research animal facility at the Stanford University Department of Comparative
Medicine. All animal protocols were approved by the Stanford University Administrative
Panel on Laboratory Animal Care, and the procedures were performed in accordance with
their guidelines.

Compound synthesis and characterization
Please see the Supporting Information for detailed synthetic procedures and characterization
data of final compounds.

Direct labeling of endogenous cathepsin activity in cell and organ lysates
Rat liver lysates (50 µg) or NIH-3T3 cell lysates (25 µg) were diluted to 1 mg mL−1 in
reaction buffer (50 mM NaOAc, 2 mM dithiothreitol (DTT), 5 mM MgCl2, pH = 5.5) and
subjected to direct labeling. Lysate samples were pretreated with inhibitor (50 µM JPM-
OEt) for 30 min at room temperature and labeled with probes for another 30 min at room
temperature. The labeled samples were separated by 12% SDS-PAGE and analyzed by
scanning the gel with a Typhoon flatbed laser scanner (ex 633nm/em 670 nm).
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Direct labeling of purified cathepsin X activity
Purified cathepsin X (75 ng) was diluted to 3 ng µL−1 in reaction buffer (50 mM NaOAc, 2
mM DTT, 5 mM MgCl2, pH = 5.5) and subjected to direct labeling. The samples were
pretreated with inhibitor (100 µM DCG-04) for 30 min at room temperature and labeled
with probes for another 30 min at room temperature. The labeled samples were separated by
15% SDS-PAGE and analyzed by scanning the gel with a Typhoon flatbed laser scanner.

Direct labeling of endogenous cathepsin activity in intact cells
NIH-3T3 cells (250,000 cells/well) were seeded in a 6-well plate 24 h prior to labeling. Cells
were pretreated with inhibitor (100 µM K11777 in complete media) for 1 h at 37 °C,
followed by labeling with each probe for 3 h at 37 °C. Cells were rinsed with phosphate-
buffered saline (PBS) and pelleted. The cells were lysed in 30 µL of citrate lysis buffer (50
mM sodium citrate, 50 mM sodium phosphate, 1% CHAPS, 0.5% Triton X-100, pH = 4.2),
and the lysates were separated by 12% SDS-PAGE and analyzed by scanning the gel with a
Typhoon flatbed laser scanner.

Direct labeling of cathepsin activity in vivo
Probes (25 nmol in 10% DMSO in sterile PBS) were i.v. injected into male Balb/c nude
mice (15–16 weeks old) and allowed to circulate for 2 h. The mice were sacrificed, and the
livers, kidneys, pancreas, hearts, and spleens were removed and flash-frozen in liquid
nitrogen. The organs were lysed by a Dounce homogenizer in muscle lysis buffer (PBS, 1%
Triton X-100, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate, 0.2% sodium azide,
pH = 7.4). Total protein extracts (150 µg) were separated by 12% SDS-PAGE and analyzed
by scanning the gel with a Typhoon flatbed laser scanner.

Immunoprecipitation of cathepsins from Cy5DCG04-labeled mouse liver lysates
In vivo-labeled liver lysates (400 µg total protein) were diluted in 500 µL RIPA buffer (50
mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, pH = 8.0)
and preincubated with the indicated amount of the indicated antibody for 30 min at 4 °C.
Antibodies used were as follows: polyclonal anti-mouse cathepsin X antibody (2 µg, R&D
Systems, cat. # AF1033), polyclonal anti-mouse cathepsin B antibody (2 µg, R&D Systems,
cat. # AF965), polyclonal anti-mouse cathepsin L antibody (2 µg, R&D Systems, cat. #
AF1515), and polyclonal anti-mouse cathepsin S antibody (2.5 µg, Abcam, cat. # ab18822).
30 µL of Protein A/G agarose beads were then added to the above solutions, and the
reactions were incubated for 20 h at 4 °C. The reactions were then centrifuged (1 min ×
13,200 rpm), and the supernatant was removed. After being washed in RIPA buffer (3 × 500
mL), the beads were boiled in 2X SDS sample loading buffer for 5 min. All supernatant
samples were acetone-precipitated for 2 h at −80 °C, dried, and resuspended in 1X SDS
sample loading buffer. Samples were separated by 12% SDS-PAGE and analyzed by
scanning the gel with a Typhoon flatbed laser scanner.

Direct labeling of endogenous cathepsin X activity in intact cells
NIH-3T3 cells (250,000 cells/well) or KG-1 cells (1,000,000 cells/well) were seeded in a 6-
well plate 24 h prior to labeling. Cells were pretreated with GB111-NH2 (5–10 µM in
complete media) for 1.5 h at 37 °C, followed by labeling with each probe for 2 h at 37 °C.
Cells were rinsed with phosphate-buffered saline (PBS) and pelleted. The cells were lysed in
30 µL of citrate lysis buffer, and the lysates were separated by 12% SDS-PAGE and
analyzed by scanning the gel with a Typhoon flatbed laser scanner.
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Imaging cathepsin X activity in live cells
KG-1 cells (400,000 cells/well) were seeded in a 4-well Lab-Tek chambered coverglass
system pretreated with 0.01% poly-L-lysine 24 h prior to labeling. Cells were pretreated
with DMSO, GB111-NH2 (10 µM in complete media), or JPM-OEt (100 µM in complete
media) for 1 h at 37 °C, followed by labeling with 5 µM MGP140 for 30 min at 37 °C. Cells
were rinsed with complete media containing DMSO, 10 µM GB111-NH2, or 100 µM JPM-
OEt for 3 h at 37 °C (in order to wash away excess unbound probe). Cells were then
subjected to fluorescence microscopy at 25 °C.

Direct labeling of cathepsin X activity in vivo
GB111-NH2 (175 nmol in 40% DMSO in sterile PBS) or DMSO was i.v. injected into
female Balb/cJ mice (8–10 weeks old) and allowed to circulate for 2 h. Then, probes (25
nmol in 10% DMSO in sterile PBS) were i.v. injected into the mice and allowed to circulate
for 2 h. The mice were sacrificed, and the livers, kidneys, hearts, and spleens were removed
and flash-frozen in liquid nitrogen. The organs were lysed by a Dounce homogenizer in
muscle lysis buffer, and total protein extracts (150 µg) were separated by 12% SDS-PAGE
and analyzed by scanning the gel with a Typhoon flatbed laser scanner.

Histology and immunofluorescent analysis of cathepsin X activity in tissue from mice
treated with probes in vivo

Tissues from mice injected with GB111-NH2/MGP140 or GB111-NH2/MGP141 were
frozen in OCT medium (an embedding medium for frozen tissue to ensure Optimal Cutting
Temperature) and sectioned. Some sections were fixed with acetone, rehydrated, stained
with DAPI, and subjected to fluorescence microscopy. Other sections were fixed with
acetone, rehydrated, and subjected to immunofluorescence staining with an anti-cathepsin X
antibody (R&D Systems, cat. # AF1033). Briefly, after rehydration in PBS, slides were
blocked for 1 h at room temperature with 5% rabbit serum in PBS. Then, the slides were
treated with anti-cathepsin X (1:200 dilution in 2.5% rabbit serum and 0.3% Triton X-100 in
PBS) for 24 h at 4 °C in a humidified chamber. Slides were rinsed with PBS (3 × 8 min) and
then treated with FITC-anti-goat (Sigma-Aldrich, 1:400 dilution in 2.5% rabbit serum and
0.3% Triton X-100 in PBS) for 1 h at room temperature in a humidified chamber. The slides
were rinsed with PBS (3 × 8 min), stained with DAPI, and subjected to fluorescence
microscopy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structures of cysteine cathepsin activity-based probes
a) Structures of the activity-based probes Cy5DCG04 and GB123 containing epoxide and
AOMK reactive electrophiles, respectively (see dashed boxes). b) Structures of MGP151 (1)
and MGP140 (2) and, cysteine cathepsin activity-based probes designed based on DCG-04
and GB123. Note these probes have swapped electrophiles (see dashed boxes) relative to the
original DCG-04 and GB123 probes.
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Figure 2. Direct comparison of cysteine cathepsin labeling in intact cells
a) Where indicated, rat liver lysates or NIH-3T3 lysates were pretreated with the cysteine
cathepsin inhibitor JPM-OEt and labeled by addition of Cy5DCG04 or GB123 at the
indicated concentrations. Labeled proteins were analyzed by SDS-PAGE, followed by
scanning of the gel using a flatbed laser scanner. b) Where indicated, rat liver lysates or
NIH-3T3 lysates were pretreated with JPM-OEt and labeled by MGP140 or MGP151 at the
indicated concentrations and labeled proteins analyzed as in (a). c) Labeling of purified
cathepsin X by GB123, Cy5DCG04, MGP140, and MGP151. Where indicated, cathepsin X
was pretreated with the cysteine cathepsin inhibitor DCG-04. d) Direct labeling of cysteine
cathepsins in intact NIH-3T3 fibroblasts by GB123, Cy5DCG04, MGP140, and MGP151.
Where indicated, cells were pretreated with the cell-permeable cysteine cathepsin inhibitor
K11777 before probe labeling. Labeled proteins were analyzed as in (a).
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Figure 3. Direct comparison of cysteine cathepsin labeling in vivo
a) Biochemical analysis of tissue extracts from mice injected with GB123, Cy5DCG04,
MGP140, or MGP151. The probes were allowed to circulate for 2 h, after which the mice
were sacrificed. Tissue lysates from liver, kidney, spleen, pancreas, and heart were analyzed
by SDS-PAGE, and labeling of the cysteine cathepsins is indicated. b) Immunoprecipitation
of labeled cysteine cathepsins L, S, B, and X from liver lysates from mice injected with
Cy5DCG-04. The proteases were immunoprecipitated using specific cathepsin antibodies
and analyzed by SDS-PAGE, followed by scanning of the gel for Cy5 fluorescence. Input
(I), immunoprecipitated pellet (P), and supernatant (S) samples are indicated.

Paulick and Bogyo Page 13

ACS Chem Biol. Author manuscript; available in PMC 2012 June 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Structures and labeling selectivity of MGP302 and GP310
a) Structures of AMS36, a cathepsin X-selective inhibitor, and MGP302 (3) and MGP310
(4). b) Comparison of labeling of purified cathepsin X by MGP302 and MGP310. Where
indicated, cathepsin X was pretreated with the cysteine cathepsin inhibitor DCG04. c)
Comparison of labeling of rat liver lysates by MGP302 and MGP310. Where indicated, rat
liver lysates were pretreated with JPM-OEt and labeled by MGP140 or MGP151 at the
indicated concentrations. * indicates a labeled protein that was identified as bile acid-
CoA:amino acid N-acyltransferase (BACAT; Supplementary Figure 1). d) Direct labeling of
cysteine cathepsins in intact NIH-3T3 cells with MGP302 and MGP310. Where indicated,
cells were pretreated with JPM-OEt before probe labeling. Cells were lysed, and the labeled
proteins were analyzed by SDS-PAGE, followed by scanning of the gel for Cy5
fluorescence. e) Balb/c mice were injected with MGP302 or MGP310. The probes were
allowed to circulate for 2 h, after which the mice were sacrificed. Tissue lysates from
kidney, liver, and spleen were analyzed by SDS-PAGE, and labeling of the cysteine
cathepsins is indicated.
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Figure 5. Selective labeling and fluorescent imaging of cathepsin X in lysates and in intact cells
a) Cells were pretreated with the cysteine cathepsin inhibitor GB111-NH2, followed by
labeling with an epoxide-containing cathepsin probe at the indicated concentrations
(Cy5DCG04, MGP140, or MGP302). Cells were then lysed, and the labeled proteins were
analyzed by SDS-PAGE, followed by scanning of the gel for Cy5 fluorescence. b) Selective
labeling of cathepsin X in intact KG-1 cells. Cells were pretreated with the cysteine
cathepsin inhibitor GB111-NH2 at the indicated concentrations, followed by labeling with
an epoxide-containing cathepsin probe (Cy5DCG04, MGP140, or MGP302). Cells were
then lysed, and the labeled proteins were analyzed by SDS-PAGE, followed by scanning of
the gel for Cy5 fluorescence. The 66 kDa protein band is serum albumin in the media that
non-selectively binds ABPs. c) Live KG-1 cells were treated with MGP140 (left panel),
JPM-OEt and then MGP140 (center panel), or GB111-NH2 and then MGP140 (right panel).
Images were taken with a 40X objective. Red is Cy5 fluorescence. Scale bar is 10 µm.
Quantification of fluorescence intensities was determined using ImageJ software. These data
were used to calculate numerical values for percent inhibition as indicated.
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Figure 6. Selective labeling of cathepsin X in vivo
a) Balb/c mice were injected with GB111-NH2 and then injected with Cy5DCG04,
MGP140, or MGP302. The probes were allowed to circulate for 2 h, after which the mice
were sacrificed. Tissue lysates from liver, kidney, spleen, and heart were analyzed by SDS-
PAGE, and labeling of the cysteine cathepsins is indicated. Selective labeling of cathepsin X
is with a *. b) Mice were injected with GB111-NH2, followed by injection with MGP140 or
MGP141. MGP141 is a control probe for MGP140 that lacks the epoxide electrophile.
Tissues not used in (a) were frozen in OCT medium and sectioned. Tissues were stained
with DAPI, and images were taken with a 40X objective. Blue is DAPI fluorescence, and
red is Cy5 fluorescence. Scale bar is 30 µm. c) Tissue sections from (b) were frozen in OCT
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medium, sectioned and then treated with goat anti-cathepsin X, followed by a FITC-anti-
goat antibody. Images were taken with a 40X objective. Red is GB111-NH2/MGP140, green
is anti-cathepsin X, and yellow is the overlap of green and red signals. Scale bar is 30 µm.
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