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Dynamic imaging of protease activity with fluorescently
quenched activity-based probes
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Bonnie F Sloane*> & Matthew Bogyo!

Protease activity is tightly regulated in both normal and
disease conditions. However, it is often difficult to monitor
the dynamic nature of this regulation in the context of a

live cell or whole organism. To address this limitation, we
developed a series of quenched activity-based probes (qABPs)
that become fluorescent upon activity-dependent covalent
modification of a protease target. These reagents freely
penetrate cells and allow direct imaging of protease activity
in living cells. Targeted proteases are directly identified and
monitored biochemically by virtue of the resulting covalent
tag, thereby allowing unambiguous assignment of protease
activities observed in imaging studies. We report here the
design and synthesis of a selective, cell-permeable qABP for
the study of papain-family cysteine proteases. This probe is
used to monitor real-time protease activity in live human cells
with fluorescence microscopy techniques as well as standard
biochemical methods.

Proteases play fundamental roles in the control of both normal and
disease processes. Alterations in protease expression and activity
patterns underlie many human pathological processes, including
cancer, arthritis, osteoporosis, atherosclerosis and neurodegenerative
disorders!. Thus, a detailed understanding of how, when and where a
particular protease functions in a complex cellular environment is
required to better understand its role in the promotion of disease.
Perhaps the most powerful way to address these issues is to develop
methods that allow dynamic imaging of protease activity within a
living cell or organism.

Recently, a number of elegant methods have been developed to
image enzymatic activities using both invasive and whole-body
imaging methods (for review, see ref. 2). Virtually all of these methods
make use of reporter substrates that, when processed by a given
enzyme target, produce a signal that can be visualized with common
imaging modalities. Although these methods have clearly paved the
way for the application of activity-based reporters to diagnostic
medicine, they suffer from several features, such as lack of specificity
and cell permeability, as well as rapid diffusion, that may limit their
use in high-resolution studies of enzyme regulation and localization.

Activity-based probes (ABPs) are small molecules that modify a
defined set of enzyme targets on the basis of their ability to form
specific covalent bonds with key catalytic residues (for reviews, see
refs. 3—7). Because this labeling reaction is mechanism based and
requires enzyme activity, the extent of probe modification serves as an
indirect readout of activity levels within a given sample. Probes can
be designed to target a number of different classes of enzymes through
optimization of both reactive functional groups and the scaffolds
used to carry the reporter tag. In the past five years, a number of
new classes of ABPs have been developed and used to dissect the
function of various enzyme families (see reviews, refs. 3—7). The most
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Figure 1 Design of a gABP. (a) Mechanism of covalent inhibition of a
cysteine protease by an acyloxymethyl ketone. (b) Activity-dependent
labeling of a cysteine protease target by a gABP. Covalent modification of
the target results in loss of the quenching group, resulting in production
of a fluorescently labeled enzyme.
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well-established and heavily used probes are those that target proteo-
lytic enzymes®°. ABPs that target serine and cysteine proteases
have been applied to studies of protease function in processes such
as parasite invasion?’, prohormone processing?!, transcriptional reg-

22 cataract formation?3, natural killer cell function?* and
25-27

ulation
cancer progression

A number of ABPs carrying a range of fluorescent reporters
have also been described®!21327:28 The fluorescent group serves as a
highly sensitive tag that enables visualization of labeled targets after
their biochemical separation. Fluorescently labeled ABPs have also
been used to directly image enzyme activity with microscopy techni-
ques. We recently demonstrated that a fluorescent ABP can be used in
a mouse model for pancreatic cancer to image cysteine protease
activity during multiple stages of tumor formation?’. The use of
ABPs for imaging applications has the major advantage of the
formation of a permanent covalent bond with the enzyme, thus
allowing direct biochemical analysis of targets. However, the major
limitation of these probes is their general fluorescence both when
bound to an enzyme target and when free in solution. To overcome
this limitation, we set out to design quenched probes (qABPs) that

Scheme 1 Synthesis of the gABP GB117 and
the corresponding control ABP GB111. The

'\FBoc fully protected dipeptide (1) was synthesized
o o on solid support with standard solid-phase
o N e peptide synthesis (SPPS) and was converted to
7OT H Ko R the corresponding BMK (2) in solution. The
T\ resulting BMK was converted to the 2,6-dimethyl
= benzoic acid AOMK (3) or the N-trityl-protected
S— glycine AOMK (4). Selective removal of the N-
R= H\\ﬁ//\’ trityl group from (4) followed by coupling of the

QSY7 quencher yielded AOMK intermediate (5).
Finally, removal of the Boc-protecting group on
lysine of (3) and (5) followed by coupling of the
BODIPY-TMR-X yielded the final products
GB111 and GB117. NMM, N-methyl morpho-
line; IBCF, isobutylchloroformate; HBr,
hydrogen bromide; TFA, trifluoroacetic acid;
DIEA, diisopropylethylamine.

become fluorescent only after covalent mod-
ification of a protease target.

We initially chose to focus on the acyloxy-
methyl ketone (AOMK) reactive group for
probe design, as this ‘warhead’ targets diverse
families of cysteine proteases®?°. More impor-
tantly, the mechanism of covalent modifica-
tion of a cysteine protease by an AOMK
involves the loss of its acyloxy group®
(Fig. 1a). Thus, a probe carrying a fluorescent
reporter group on its peptide scaffold and a
highly efficient quenching molecule attached
to the acyloxy leaving group should result in a
quenched probe that only becomes fluores-
cent upon covalent labeling of an enzyme
target (Fig. 1b). We initially focused our
efforts on probes that target the papain family
of cysteine proteases, as this family has been
extensively studied with ABPs and a number
of cell-permeable reagents have successfully
been designed®!b1415, Our first generation
of gABPs made use of the fluorescein/
4-([4-(dimethylamino)phenyl]azo) benzoic
acid (DABCYL) pair, which was shown to be effective for related
applications®®3!. Unfortunately, we found that although it was possi-
ble to use cell-permeable BODIPY analogs of fluorescein, the DABCYL
group prevented probes from freely entering cells (data not shown).
Furthermore, we found that direct attachment of the DABCYL
quenching group to the reactive hydroxy ketone methylene resulted
in probes that were highly unstable in aqueous solution and also
showed markedly reduced potency for target proteases, presumably
because of the proximity of the bulky quencher to the active site (data
not shown). We therefore shifted our attention to the larger but poten-
tially more cell-permeable quenching group QSY7 and attached this
group to the probe through a linker to improve stability and potency.

We carried out the synthesis of the resulting quenched probe GB117
and its corresponding nonquenched control GB111 using a combina-
tion of solid and solution-phase chemistries (Scheme 1). This syn-
thetic route was chosen over recently reported solid-phase methods’
because of the formation of an intramolecular acyl transfer reaction on
resin that was observed when an aliphatic acyloxy group was used in
place of the 2,6-dimethyl benzoyl group (G.B. and M.B., unpublished
data). The fully protected carbobenzoxy-capped phenylalanine-lysine
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Figure 2 Labeling of recombinant cathepsins and intact cells with the
control ABP and gABP. (a) Labeling of purified recombinant cathepsin B
and L with the control ABP GB111 and the gABP GB117. Recombinant
enzymes in buffer (pH 5.5) were either treated with the general papain-
family inhibitor JPM-OEt (50 uM; +) or with DMSO (0.1%; -) for 30 min
followed by labeling with probes at the indicated concentrations for 30 min.
Samples were analyzed by SDS-PAGE and fluorescent signal was measured
by scanning of gels with a Typhoon laser flatbed scanner. (b) Intact
monolayers of NIH-3T3 cells were pretreated either with the general papain-
family protease inhibitor JPM-OEt (50 uM) or with control DMSO (0.1%)
for 1 h and labeled by addition of GB111 and GB117 (1 uM) to culture
medium for 3 h. Crude detergent lysates were normalized for total protein,
separated by SDS-PAGE, and visualized by scanning of the gel with a
Typhoon flatbed laser scanner. (c) Monolayers of NIH-3T3 cells were labeled
by addition of GB111 or GB117 (1 uM) to cultured medium for a series of
times as indicated. Labeled proteases were analyzed as in b. (d) Labeling
of cathepsin targets in fibroblasts derived from WT, Cat B~/~ and Cat L=/~
mice. Intact fibroblasts were pretreated with JPM-OEt (50 uM) or DMSO
(0.1%) for 1 h and then labeled with 1 pM of either the control ABP GB111
(left) or the gABP GB117 (right). Cells were collected, lysed and analyzed
after SDS-PAGE as in b and c. Cat L sc, cathepsin L single-chain form. Cat
L hc, cathepsin L heavy-chain form.

dipeptide (1) was synthesized with standard solid-phase peptide
synthesis and was converted to the corresponding bromo-methyl
ketone (BMK, 2) in solution. Coupling of 2,6-dimethyl benzoic acid
with the BMK resulted in the AOMK intermediate (3) for use in the
synthesis of the nonquenched control. Conversion of the BMK via
N-trityl-protected glycine yielded the AOMK (4) that was coupled to
the commercially available QSY7 quenching group after removal of
the trityl group to produce intermediate (5). Finally, removal of
the t-butoxy carbonyl (Boc) protecting group on the side chain of
lysine in intermediates (3) and (5) allowed attachment of the
BODIPY-TMR-X fluorophore to produce the desired ABP GB111
(6) and qABP GB117 (7).

We attached the fluorophore to the probe at the P1 lysine side
chain to optimize proximity to the quenching group. Previous work
has shown that the majority of critical substrate interactions take place
in the P2 position of the papain-family proteases’. This close
positioning resulted in a probe that showed greater than 70-fold
quenching when compared with the nonquenched control probe
(Supplementary Fig. 1 online). This amount of quenching is suffi-
cient for imaging applications and is in line with other reported
proximity-induced quenching reagents®’. We also found that the
fluorophore could be attached to more distal positions (that is, P2,
P3 or the amino terminus) while retaining sufficient quenching for
imaging applications (data not shown). When we performed kinetic
inhibition studies for the two papain-family proteases, cathepsins B
and L, we found that modification of the P1 lysine of the free amine
intermediate of GB111 (NH2-GB111) resulted in a 100-fold loss of
potency toward cathepsin L and a 30-fold loss of potency for cathepsin
B (Supplementary Table 1 online). Nonetheless, the resulting fluor-
escent probes retained substantial activity that was deemed sufficient
to obtain efficient labeling of targets. Interestingly, replacement of the
2,6-dimethyl benzoyl group on GB111 with the bulky QSY7 quencher
resulted in a larger drop in potency of the probe toward cathepsin B
than toward cathepsin L (Supplementary Table 1). This result can
most likely be explained by the so-called occluding loop of cathepsin B
blocking access of extended peptides into the prime side-binding
sites®®. Modeling of the two probes into the high-resolution structures
of cathepsins B and L confirmed that the QSY7 group potentially
produces van der Waals clashes with the occluding loop of cathepsin B
(Supplementary Fig. 2 online).
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We next examined if GB111 and GB117 were capable of forming
stable covalent linkages to cathepsin targets. Labeling of purified
recombinant cathepsin B and L confirmed the kinetic results and
demonstrated that both probes label the recombinant enzyme in
solution, resulting in an SDS-stable covalent linkage (Fig. 2a). This
labeling could also be specifically competed by pretreatment of the
enzymes with the broad-spectrum papain-family cysteine protease
inhibitor JPM-OEt?’. Furthermore, the same drop in potency of
GB117 toward cathepsin B was observed in the in vitro labeling
profiles, thus confirming the relative selectivity of GB117 for cathepsin
L. However, we did observe labeling of additional purified cathepsin
targets (cathepsins X and S; data not shown) by both GB111 and
GB117 suggesting that these probes may label multiple targets in cell
types with high expression of cathepsins other than cathepsins B and L.

Having confirmed that both the qABP and the control probe label
multiple papain-family proteases in vitro at reasonable kinetic rates,
we set out to determine whether these probes could label endogenous
enzyme targets in intact cells. The probes were added to monolayers of
live NIH-3T3 cells; this step was followed by collection, lysis of cells
and analysis by SDS-PAGE (Fig. 2b). These initial results confirmed
that both probes freely penetrated cells and labeled a series of protease
targets in a highly selective way. Furthermore, the probes showed
virtually no background labeling when papain-family proteases were
inactivated by pretreatment of cells with JPM-OEt. Kinetic analysis of
the labeling of the protease targets indicated that GB117 had a slower
rate of modification than did GB111, suggesting that extended labeling
times would be required to obtain optimal signal (Fig. 2c). Interest-
ingly, the pattern of proteases labeled by GB111 included a species
around 33 kDa that was only faintly labeled by GB117 at extended
time points. We predicted that this species might be cathepsin B on
the basis of its size and our findings that suggested that GB117 has
reduced potency toward this target (Supplementary Table 1 and
Fig. 2a). To confirm the identity of the labeled species, we performed
similar experiments in intact fibroblast cells derived from wild type
(WT) and cathepsin B— and cathepsin L-knockout mice (Cat B~/
and Cat L™/-, respectively; Fig. 2d). As expected, the 33-kDa species
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Figure 3 Imaging protease activity in live cells. (a) Cultures of NIH-3T3 cells were either pretreated with the general papain-family protease inhibitor
JPM-OEt (50 uM) or with control DMSO (0.1%) for 1 h and labeled by addition of GB111 or GB117 (1 uM) to growth media for 4-5 h. The acidotropic
lysosomal marker LysoTracker was added and cells were imaged with an inverted fluorescent microscope (Nikon). (b) Cells were treated and analyzed as
in a, but were washed for 3 h in growth medium containing JPM-OEt (50 uM) or DMSO (0.1%) before imaging. Red fluorescence, protease activity;
green fluorescence, lysosomal compartments; yellow color, overlap in green and red signals.

was labeled efficiently by GB111 and only very poorly by GB117 and
was absent in the cathepsin B—deficient cells. Furthermore, the two
remaining species that were labeled by both probes were absent in the
cathepsin L-knockout cells. These two bands represent the full-length
single chain form and the cleaved heavy chain form of cathepsin L and
are the two predominant active forms of cathepsin L observed in
previous labeling studies??. Thus, the qABP and control probe freely
penetrate cells and show highly specific labeling of cathepsins B and L
in multiple cell lines.

On the basis of the positive biochemical results in the NIH-3T3
cells, we began fluorescent-imaging studies in these cells using both
probes. Treatment of live monolayers of cells with GB111 followed by
immediate imaging of the live cells with fluorescence microscopy
showed intense, nonspecific staining of the entire cell, presumably as a
result of free probe accumulation (Fig. 3a). The staining pattern for

Figure 4 Imaging protease activity in three-
dimensional cultured cells. (a) Reconstituted
basement membrane, Cultrex (Trevigen) was
mixed with GB111 or GB117 (1 uM) with or
without JPM-OEt (50uM). MCF-10A cells were
grown as three-dimensional cultures on Cultrex
containing probes with or without inhibitor for
three days then imaged by confocal microscopy
with a water-immersion lens (Zeiss). (b) MCF-10A
cells were grown on Cultrex without probes. Day
8 cultures were treated with GB111 (1 pM) for
3 h and then washed overnight with growth
media. Cells were fixed and stained with
antibodies recognizing human cathepsin B
followed by incubation with a corresponding
secondary antibody and DAPI. Cultures were
imaged as in a.

a 10 uM
GB111
GB111 + JPM GB117 + JPM

the unquenched control suggested that the probes do not accumulate
in any particular location (that is, lipid bilayers) but rather distribute
throughout the cell. Furthermore, the compounds showed no overall
toxic effects on the cells even after overnight exposure. In contrast,
when cells were incubated with GB117 and imaged without washing, a
distinct punctate labeling pattern was observed. This pattern was
found to overlap with the signal from the acidotropic lysosomal
marker Lysotracker (Molecular Probes) and could be blocked by
pretreatment of cells with the general inhibitor JPM-OEt. This pattern
was highly consistent with specific labeling patterns that we had
observed previously with fluorescent epoxide probes after extensive
washing of the cells'>?”. To confirm our analysis of the imaging data,
we treated cells with GB111 and then performed extensive washing
before microscopy-based imaging (Fig. 3b). As expected, the resulting
images closely matched those observed for GB117. These results

GB117
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confirm that GB117 is fluorescently activated upon binding to
protease targets and that this method provides sufficient signal over
noise to allow direct real-time analysis of protease activity in live cells
that have not been fixed or washed.

Finally, we wanted to apply the qABP to studies of more complex
cell culture models. We chose to focus on a three-dimensional cell
model that more accurately mimics human cancers®. The fibrocystic
breast cell line MCF-10A forms highly organized three-dimensional
spheroids when grown on reconstituted basement membranes (Cul-
trex). These structures recapitulate several aspects of glandular archi-
tecture in vivo and are therefore considered to be an excellent cellular
model for various forms of tumor growth®. Because these cells
presumably import and secrete components of the matrix, we reasoned
that we should be able to apply the probes by direct addition to the
matrix before seeding of cells. After three days of growth on matrix
containing the probes, acinar structures had formed. Imaging of the
samples grown on matrix containing the unquenched probe GB111
produced bright, nonspecific intracellular fluorescent staining similar
to that observed in the monolayers (Fig. 4a). Interestingly, the free
probe in the matrix did not show any significant fluorescence,
suggesting a quenching effect by matrix proteins. Cells incubated on
matrix containing the quenched probe GB117 showed distinct punc-
tate staining of lysosomal compartments (Fig. 4a). Furthermore, this
staining could be completely blocked by addition of the general
inhibitor JPM-OEt, suggesting that it represents specific staining of
active proteases. To confirm that the staining in the GBI111-treated
spheroids was due to background from free probe, we treated day 8
spheroids with GB111 and then washed and fixed the cells. Imaging of
these spheroids showed specific staining similar to that observed in
the live cells treated with GB117 (Fig. 4b). The resulting pattern
of probe labeling partially overlapped with immunofluorescent stain-
ing of the same fixed cells with an anti-cathepsin B antibody. Inter-
estingly, it appears that the population of active cathepsin B labeled by
the probe is found predominantly at the apical pole of the cells in the
acini, although the total distribution of cathepsin B protein is both
apical and basal. These results further support the specific nature of the
activity-based probes and also highlight the difference in imaging
active protease populations rather than total protein levels with
antibodies that recognize both precursor and active forms of protease.

In conclusion, we have developed a new class of qABPs that can be
used to dynamically image protease activity in real time. The reagents
described here target a very narrow subset of papain-family cysteine
proteases. It should be possible to apply this methodology to a range
of diverse cysteine proteases, as ABPs containing the AOMK warhead
have recently been described that target multiple classes of cysteine
proteases®. In addition, the use of this quenched-probe strategy can be
easily adapted to incorporate near-infrared tags that may facilitate
noninvasive, whole-body imaging applications. One of the main
limitations to this strategy is the lack of signal amplification of the
probes, thus potentially reducing their utility for whole-body meth-
ods. However, in some processes such as tumorigenesis, extensive local
activation of proteases coupled with advances in the sensitivity of
light-based imaging methods may allow direct imaging in live subjects
with this approach. Such a step forward will also require probes with
increased stability and bioavailability properties. We are currently
working to develop the next generation of gABPs that will begin to
address some of these important issues.

METHODS
General methods. Unless otherwise noted, all resins and reagents were
purchased from commercial suppliers and used without further purification.

LETTERS

All solvents used were HPLC grade. All water-sensitive reactions were pre-
formed in anhydrous solvents under positive pressure of argon. Reactions were
analyzed by LC/MS with an API 150EX single quadrupole mass spectrometer
(Applied Biosystems). Reverse-phase HPLC was conducted with an AKTA
explorer 100 (Amersham Pharmacia Biotech) with C;g columns. High-resolu-
tion MS analyses were performed by the Stanford Proteomics and Integrative
Research Facility with an Autoflex MALDI TOF/TOF mass spectrometer
(Bruker). Fluorescent gels and plates were scanned with a Typhoon 9400
flatbed laser scanner (GE Healthcare).

Chemical synthesis and compound characterization. Please see the Supple-
mentary Methods online section for details of the synthesis and characteriza-
tion of probes.

Evaluation of in vitro quenching of the qABP. Dilutions of GB111 or GB117
in acetate buffer (50 mM acetate, 5 mM MgCl,, 2 mM DTT, pH 5.5) containing
1% DMSO were prepared in a 96-well plate and measured with a Spectramax
M5 fluorescence plate reader (Molecular Devices), with excitation (Ex) and
emission (Em) at 535 and 574 nm, respectively. Relative fluorescent units
(RFUs) were plotted versus probe concentration. The plate was then directly
scanned with a Typhoon 9400 flatbed laser scanner (GE Healthcare), with Ex
and Em at 532 and 580 nm, respectively.

Recombinant cathepsin labeling of the qQABP. Recombinant human cathepsin
L (0.7 pg; from V. Turk, Jozef Stefan Institute) or bovine cathepsin B (0.4 pg;
Sigma) in reaction buffer (50 mM acetate, 2 mM DTT and 5 mM MgCl,,
pH 5.5) was treated with 25 pM JPM-OEt for 30 min (indicated samples) at
25 °C. Increasing concentrations of GB111 and GB117 were added to samples
for 30 min. The reaction was stopped by addition of 4X sample buffer (40%
glycerol, 0.2M Tris/HCl 6.8, 20% [B-mercaptoethanol, 12% SDS and 0.4 mg
ml~! bromophenol blue). Half of the sample was separated on a 12% SDS gel
and scanned by a Typhoon laser flatbed scanner at 532/580.

Determination of kinetic rate constants of inhibition. The kinetics of
inhibition was determined by the progress curve method under pseudo-first-
order conditions with at least ten-fold molar excess of inhibitor. Recorded
progress curves were analyzed by nonlinear regression according to the
following equation3®:

[Pl =v.(1—e™)/k

where [P] is the product, v, is the velocity at time zero and k is the pseudo-first-
order rate constant. Apparent rate constant (k,pp) was determined from the
slope of plot k versus [I]. Because of the irreversible and competitive mecha-
nism of inhibition, k,,, was converted to the association constant (k) using
the equation below:

kass = kapp(1+[s]/KM)

Activity of human cathepsin L was measured with the fluorogenic substrate
Z-FR-AMC¥ (Bachem; K, = 7.1 uM) and cathepsin B was assayed against the
fluorogenic substrate Z-RR-AMC?® (Bachem; K,,, = 114 pM). Concentration of
substrates during the measurement was 10 pM. Cathepsins B and L (1 nM final
concentrations) were incubated with inhibitor concentrations ranging from
10 to 2,000 nM in the presence of 10 uM of appropriate substrate. Total volume
during the measurement was 100 pl. The increase in fluorescence (370-nm Ex,
460-nm Em) was continuously monitored for 30 min with a Spectramax M5
fluorescent plate reader (Molecular Devices), and inhibition curves were
recorded. DMSO concentration during all measurements was 3.5%.

Cell cultures. NIH-3T3 mouse fibroblast cells (from P. Jackson, Stanford
University) were cultured in DMEM supplemented with 10% FBS,
100 units ml~! penicillin, 100 pg ml~! streptomycin. WT mouse embryo
fibroblasts (MEF) and Cat L/~ MEF cells (Roth et al, 2000; ) were from
A. Nepveu (McGill University). Cat B~/~ MEF cells were isolated and char-
acterized in the laboratory of B.ES. (L. Demchik and B.ES., unpublished data).
Cells were cultured in DMEM supplemented with 10% FBS, 100 units ml~!
penicillin, 100 pg ml~! streptomycin. MCF-10A cells (from J. Brugge, Harvard
University) were cultured in DMEM/F12 supplemented with 5% donor
horse serum, 20 ng ml~! EGE 10 ug ml~! bovine insulin, 0.5 ug ml™!
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hydrocortisone, and 1x antibiotic-antimycotic. All cells were cultured in a
humidified atmosphere of 95% air and 5% CO, at 37 °C.

Labeling of intact cells with the control ABP and qABP. NIH 3T3 cells
(250,000 cells per well) were seeded in a six-well plate one day before treatment.
Cells were pretreated with the general papain-family protease inhibitor JPM-
OEt (50 pM) or with control DMSO (0.1%) for 1 h and labeled by addition of
GB111 and GB117 in DMSO at a given concentration to culture medium at
pH 7.4 for indicated times. The final DMSO concentration was maintined at
0.2%. Cells were washed with PBS and lysed by addition of sample buffer
(10% glycerol, 50 mM Tris/HCI, pH 6.8, 3% SDS, and 5% B-mercaptoethanol).
Lysates were boiled for 10 min and cleared by centrifugation. Equal amounts of
protein per lane were separated by 12% SDS-PAGE, and labeled proteases were
visualized by scanning of the gel with a Typhoon flatbed laser scanner (Ex/Em
532/580 nm). WT, Cat L™/~ and Car B~/~ MEF cells were labeled as described
in the previous paragraph with few changes, with WT and Cat L™/~ seeded at
240,000 cells per well and Cat B/~ seeded at 300,000 cells per well. GB111 or
GB117 (1 pM) was added to the cells for 4.5 h before lysis.

Imaging protease activity in live cells. NIH 3T3 cells (165,000 cells per well)
were seeded on glass coverslips in six-well tissue culture plates containing
growth medium one day before treatment. Cells were either pretreated with the
general papain-family protease inhibitor JPM-OEt (50 pM) or with control
DMSO (0.1%) for 1 h. Cells were labeled by addition of GB111 or GB117
(1 uM) to growth media at pH 7.4 for 4-5 hours. Cells were transferred to
growth medium without phenol red. LysoTracker (50 nM final concentration)
was added minutes before cells were imaged with an inverted fluorescent
microscope (Nikon Diaphot-300 microscope with a 60X (NA 1.4) objective).
Cells were washed with growth medium containing JPM-OEt (50 pM) or with
control DMSO (0.1%) for 3 h and imaged.

Imaging protease activity in three-dimensional cultured cells. MCF-10A cells
were grown in three-dimensional culture on reconstituted basement membrane
extracted from an EHS mouse sarcoma (Cultrex from Trevigen) as previously
described. GB117 or GB111 was added to Cultrex (1 uM final concentration)
upon cell seeding, and day 3 structures were imaged as described in the next
paragraph. Day 8 structures grown in Cultrex without probes were treated with
1 uM GBI111 for 3 h in assay medium (culture medium with 2% horse serum
and 5 ng ml~! EGF). Cells were washed overnight in assay medium, fixed and
imaged as described below.

Immunofluorescence analysis. Cells in three-dimensional culture were fixed
on day 8 with cold methanol for 10 min and washed with PBS three times at
10 min per wash. Structures were then blocked for 1 h in IF buffer (130 mM
NaCl, 7mM Na,HPO,, 3.5 mM NaH,PQy,, 7.7 mM NaNj3, 0.1% bovine serum
albumin, 0.2% triton X-100, 0.05% TWEEN 20) and incubated with a rabbit
anti-human cathepsin B (produced and characterized in the laboratory of
B.ES.*) antibody overnight at 4 °C. Structures were washed three times with
PBS for 20 min per wash and then incubated with the corresponding secondary
antibody for 2 h at room temperature, and then washed three times with PBS
for 20 min each time. Structures were incubated with 1 pig ml~! DAPI in PBS
for 10 min and then washed three times with PBS. Samples were imaged with a
40x water immersion lens on a Zeiss LSM 510 confocal microscope.

Computer modeling of GB111 and GB117 structures of cathepsins B and L.
GB111 and GBI117 were docked into cathepsin B (1SP4) and cathepsin L
(IMHW) with the MMF94 force field using molecular operating environment
(Chemical Computing Group). During the simulation, the backbone of both
the protein and ligand were constrained, whereas the side chains were allowed
full relaxation. Pictures were rendered with Pymol (Delano Scientific LLC,
http://pymol.sourceforge.net).

Note: Supplementary information is available on the Nature Chemical Biology website.
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