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We have generated a series of quenched near-infrared fluorescent activity-based probes (qNIRF-ABPs) that covalently target the
papain-family cysteine proteases shown previously to be important in multiple stages of tumorigenesis. These ‘smart’ probes emit
a fluorescent signal only after covalently modifying a specific protease target. After intravenous injection of NIRF-ABPs into mice
bearing grafted tumors, noninvasive, whole-body imaging allowed direct monitoring of cathepsin activity. Importantly, the
permanent nature of the probes also allowed secondary, ex vivo biochemical profiling to identify specific proteases and to
correlate their activity with whole-body images. Finally, we demonstrate that these probes can be used to monitor small-molecule
inhibition of protease targets both biochemically and by direct imaging methods. Thus, NIRF-ABPs are (i) potentially valuable new
imaging agents for disease diagnosis and (ii) powerful tools for preclinical and clinical testing of small-molecule therapeutic agents
in vivo.

Most enzymatic proteins involved in the control of basic biological
processes are regulated at a post-translational level. Thus, simple
measures of gene expression and even protein expression only provide
limited information to aid in our understanding of the function of a
given enzyme target. To address this issue, the field of activity-based
proteomics has been developed to make use of small-molecule
probes that bind to specific target enzymes using an activity-
dependent chemical reaction (for reviews see refs. 1,2). Activity-
based probes (ABPs) provide an indirect readout of enzyme
activity that can be monitored in vitro and ex vivo using biochemical,
mass spectrometric and fluorescence microscopy methods3. Using
ABPs it is possible to determine when, where and which enzymes
get activated during a given cellular stimulus or even during
disease pathogenesis.

Over the past ten years, ABPs have been developed to target a
number of diverse enzyme classes1,2,4,5. Proteases, in particular, have
been the focus of extensive studies using specific ABPs. In general an
ABP is comprised of a reactive ‘warhead’ that covalently binds to a
target using an enzyme-catalyzed chemical reaction. This reactive
group is linked to an element that confers specificity (often a peptide
in the case of a protease-directed ABP) and directs binding to the
target. The final key element is a reporter tag that allows probe-labeled
proteins to be directly visualized or purified from a complex mixture.
A number of fluorescently labeled ABPs that target proteases have
been reported6–9. In particular, our group has developed fluorescent
probes that target the papain family of lysosomal cysteine proteases—
often referred to as the cysteine cathepsins.

Many diseases, including cancer, arteriosclerosis, inflammation and
Alzheimer’s disease, are associated with altered proteolytic activity of
cysteine cathepsins10,11. Recent expression studies strongly suggest that

cathepsins are involved in initiating and promoting tumor formation,
growth, invasiveness and metastasis12,13. Furthermore, increased
expression and activity of cathepsin B and cathepsin L in a variety
of malignancies, including mammary adenocarcinomas, are strong
negative prognostic indicators for individuals with cancer14–17. These
clinical data have also recently been corroborated by studies in animal
models of human cancer that suggest that cysteine cathepsins have
important roles in the regulation of angiogenesis and invasion during
cancer progression18–21. Thus, cathepsin proteases are gaining recog-
nition as promising targets for diagnosis and therapy.

Recent advances in noninvasive optical molecular imaging technol-
ogies have now made it possible to monitor disease progression and
evaluate therapeutic treatments22–24. In many cases, biomarkers are
proteins or nucleic acids that are elevated or mutated in diseased cells
or tissues. A number of elegant new methods have recently been
developed that rely on imaging probes that report on the enzyme
activity of specific targets22,25. In addition, several probes have been
designed to act as substrates of proteases that, when processed, produce
a signal or change localization26–29. Like ABPs, these ‘smart’ probes
provide a readout of enzyme activity rather than simple protein
abundance. However, probes that are designed based on substrates
are limited by their overall lack of selectivity for specific proteases,
and the large size of some of the probes makes them difficult to
use for intracellular targets. Furthermore, probes that act as sub-
strates are not linked to their protease target, hence there is no way
to directly correlate the signals observed in vivo with specific
targets using biochemical methods, which makes analysis of imaging
data difficult.

We describe here the synthesis and application of NIRF-ABPs that
target the cysteine cathepsins. We have engineered probes that are
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stable in vivo and show highly specific labeling of papain-family
protease targets in cells and whole animals. When these probes are
injected intravenously into living mice, they produce spatially resol-
vable fluorescence in tumors that correlates with levels of active
cysteine cathepsins in those tissues. In addition, NIRF-ABPs can be
used to monitor inhibition of cysteine cathepsins by small-molecule
therapeutics. Importantly, this method is amenable to fluorescence-
based biochemical and microscopic analyses of the explanted tumors,
which makes it possible to correlate the measurements acquired in vivo
with the actual cathepsin activity measured ex vivo. Thus, NIRF-ABPs
represent promising new tools for experimental investigation
of tumor pathophysiology, for identification of specific therapeutic
targets and biomarkers and for monitoring efficacy of small-
molecule inhibitors.

RESULTS
Development and in vitro evaluation of qNIRF-ABPs
We set out to design a new class of probes that could be used in live
animals using noninvasive imaging techniques. As a starting point we
used the peptide acyloxymethylketones (AOMKs) GB111 (1) and
GB117 (2) that were recently described by our group as tools for
cell-based imaging of cysteine cathepsin activity30. These probes were
an ideal starting point because they had previously been shown to be
(i) nontoxic to cells, (ii) reasonably water soluble and (iii) highly
selective for cathepsins B and L, both of which are upregulated in
numerous tumor tissues12,31. We converted the original GB111 probe
into the Cy5 (646/664 nm excitation/emission; for structure of Cy5 see
Scheme 1)-labeled version to generate GB123 (3), which is better
suited for in vivo imaging owing to lower background fluorescence in
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the near-infrared part of the spectrum. We synthesized a control
probe, GB125 (4), that carried the Cy5 label but lacked the reactive
AOMK warhead. We also converted the fluorescently quenched probe
GB117 to its Cy5-labeled version, GB119 (5) (Fig. 1a). These probes
were prepared using an adaptation of an approach previously
described by us30. We initially tested for sensitivity to serum exposure
by preincubating probes either 1 or 4 h before addition to cells.
Whereas the unquenched probe GB123 was insensitive to serum even
after the 4-h preincubation, GB119 completely lost its ability to label
target protease even after 1 h of preincubation (Fig. 1b). We therefore
decided to carry out further optimization of the scaffold to generate
fluorescently quenched probes that retained activity in serum. One of
the most significant differences between GB123 and GB119 is the
presence of a glycine spacer adjacent to the reactive carbon methylene
group of the AOMK warhead. This ester bond linkage is likely to be
readily processed by the high concentrations of esterases found in

mouse serum, thus rendering the probe inactive. To test whether this
linker was the reason for the increased serum sensitivity of the GB119
probe, we synthesized two probes containing bulky linkers in place of
the original glycine of GB119. A probe containing the non-natural
amino acid aminoisobuteric acid (GB135; 6) was synthesized using the
same method described for GB119 (ref. 30), and an analog containing
a dimethyl benzoic acid–based linker (GB137; 8) was prepared using a
newly developed solid-phase synthesis method (Scheme 1). Testing of
these probes in the serum sensitivity assays confirmed that GB135 (the
probe containing the aminoisobuteric acid linker) is substantially less
serum sensitive than GB119, although it still lost labeling activity after
prolonged exposure (Fig. 1b). GB137, on the other hand, showed
virtually unchanged activity after prolonged preincubation in serum.
The addition of an alkyl spacer between the AOMK reactive group and
the quencher in GB137 also restored some cathepsin B binding that
was lost in GB119 owing to unfavorable steric interaction between the
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Figure 1 Structures and serum sensitivity of the NIRF-ABPs (a) Structures of the nonquenched NIRF-ABPs GB123 and GB138 and the control analog
GB125, which lacks the acyloxymethylketone reactive functional group (left), along with the fluorescently quenched probes GB119, GB135 and GB137

(right). Structure of the IRDye 800 is shown in Supplementary Figure 3a. (b) Sensitivity of the probes to serum exposure. Cultures of NIH3T3 were

pretreated with either inhibitor or vehicle and then labeled by addition of 1 mM probe to growth medium for 3 h. Probes were either used directly or

pretreated with mouse serum for 1 or 4 h before addition to growth medium as indicated. Equal amounts of protein from crude detergent lysates were

analyzed on a 12% SDS-PAGE gel and visualized by scanning of the gel with a Typhoon flatbed laser scanner. Probe-labeled cathepsin B (Cat B) and

cathepsin L (Cat L) are indicated based on the reported specificity of the probes30. The asterisk denotes a nonspecific protein that labels in samples

containing serum. (c) Intact monolayers of cells were pretreated either with the cathepsin inhibitor GB111-NH2 (5 mM) or with control DMSO (0.1%) for
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total protein, separated by SDS-PAGE and visualized as in b.
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quencher and the occluding loop30. In addition, GB137 did not label a
highly abundant background protein at 66 kDa that was observed for
all other probes and that was also observed whenever probes were
used for in vivo applications. We therefore chose this probe along
with the unquenched probe GB123 for advancement into in vivo
imaging studies.

To decide on an optimal cell line for use in our tumor imaging
studies, we profiled the cysteine cathepsin activities in a number of
commonly used cancer cell lines that are suitable for use in tumor
graft studies (Fig. 1c). GB123 and GB137 were applied to a panel of
human and mouse cells, and GB111-NH2 (9), a previously reported
potent cathepsin inhibitor30, was used to control for specificity of
labeling by the probes. In all cell lines tested, specific labeled proteases
were observed in the 20–30 kDa size range. Notably, overall cathepsin
activity varied over a more than ten-fold range among different cell
lines. The highest cathepsin activity was observed in a mouse skeletal
myoblast cell line (C2C12) retrovirally transduced with the Hras1

oncogene. These C2C12/Hras1 cells rapidly produce tumors following
subcutaneous injection into BALB/c nude mice and are therefore
suitable for imaging studies of grafted tumors32. We also observed a
similar pattern, although with reduced intensity, for labeled cathepsins
in the human breast cancer cell lines MDA-MB 231 and MDA-MB
435, and in the related human cell line MDA-MB 231 MFP. This line is
the same as the MDA-MB 231 cell line except it was isolated after
in vivo passage of the parent cells33. These cells are advantageous
because they grow more readily in vivo than the parent line MDA-MB
231. We therefore selected the C2C12/Hras1 cells, MDA-MB 231 and
MDA-MB 435 cells and MDA-MB 231 MFP for our imaging studies
because these lines express similar cathepsins but show marked
differences in overall activity.

Before moving into in vivo applications, we wanted to verify the cell
permeability and labeling specificity of the probes. Intact C2C12/
Hras1 cells were preincubated with either JPM-OEt (10), a general
papain-family inhibitor34, or vehicle control, labeled with GB123 or
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Figure 2 Optical imaging of tumors in live mice using nonquenched NIRF-ABPs. (a) MDA-MB 435 or MDA-MB 231 cells were injected subcutaneously to

the left and right sides of the back of BALB/c nude mice, 3–4 weeks before imaging. GB123 was injected intravenously via the tail vein, and fluorescent

images of the dorsal side of living mice were taken at various time points after injection. The colorometric scale shows photons per second per square

centimeter per steradian (p s–1 cm–2 sr–1) overlaid on bright-light images. (b) MDA-MB 231 MFP cells were injected subcutaneously on the back of BALB/c

mice as in a 2 weeks before imaging. GB123 (1.2 mg g–1) or the identical probe GB138 bearing the IRDye 800 fluorophore in place of Cy5 (1.5 mg g–1) or

the control probe GB125 (1.1 mg g–1) was injected as in a, and fluorescent images of the dorsal side of living mice were taken at various time points.

(c) Signal-to-background ratios were calculated from images in b based on the fluorescence signals of tumor relative to background measured for a region on

the back (red circles). Ratios were normalized to half the surface area of each tumor calculated from tumor weight (assuming tumor as sphere shape and
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GB125, washed to remove free probe and visualized using a fluores-
cence microscope (Supplementary Fig. 1 online). As expected, the
specific probe GB123 showed punctate labeling of lysosomal compart-
ments that overlapped with the acidotropic lysosomal marker Lyso-
Tracker (Molecular Probes). Pretreatment of cells with JPM-OEt
completely blocked GB123 staining, which suggests that the signal
was due to a specific modification of cysteine cathepsins. In addition,
the control probe GB125 showed no labeling in cells after washout but
did accumulate in cells that had not been washed (data not shown),
which confirms that the lack of labeling was not due to a loss of cell
permeability. Thus, both probes freely penetrate cells but only
GB123 is retained, owing to irreversible modification of lysosomal
cysteine cathepsins.

In vivo imaging of cathepsin activity in tumor-bearing mice
Because we wanted to monitor the distribution and half-lives of the
fluorescent probes in vivo, we focused our initial efforts on the
nonquenched probes. We selected the MDA-MB 231 and MDA-MB
435 cell lines to use in tumor graft studies because they show similar
patterns of active cathepsins, except that the MDA-MB 435 line shows
significantly less overall activity compared with the MDA-MB 231 line.
Cells were injected subcutaneously into ventral and dorsal locations in
BALB/c nude mice. After a period of 3–4 weeks of growth in vivo,
GB123 was injected via tail vein and animals were imaged using a
charge-coupled device (CCD) camera-based imaging system at var-
ious times after probe injection (Fig. 2a). As expected, the fluorescent
probe rapidly circulated throughout the animal and high fluorescent
signals could be seen in virtually all tissues, including the tumors.
Thereafter, the signal faded continuously over most regions of the

body, but remained elevated in the tumors. Similarly, tumors on the
ventral side of the animal could be visualized; however, substantially
more fluorescence was observed outside the tumors, even at the late
time points (Supplementary Fig. 2 online). It should be noted that
this signal in the main body cavity is likely due to a combination of
labeling of active cathepsins in organs that have high cathepsin activity
and retention of the free probe in tissues. Regardless, the overall
background signal decreased more rapidly than the signal in the
tumor tissues.

We next performed similar imaging studies using the nonquenched
GB123 and compared it to GB138 (11), a similar probe labeled with
the IRDye 800 dye (LI-COR; structure shown in Supplementary
Fig. 3 online). This dye absorbs and emits higher wavelength light
(774 nm excitation, 804 nm emission) than Cy5 and therefore
produces images with less background resulting from tissue auto-
fluorescence (Fig. 2b). In addition, we compared these two probes
with the Cy5-labeled control probe GB125, which lacks the reactive
warhead group and fails to label any targets in cells grown in culture
(Fig. 2b). All probes were injected in multiple animals to allow proper
statistical analysis of images. As expected, all three probes circulated
throughout the animals and showed general background fluorescence
at the short time points. Importantly, only the two active probes that
contain the AOMK warhead (GB123 and GB138) showed accumula-
tion in the tumors. The control probe GB125, on the other hand, was
rapidly cleared and no fluorescent signal above background could be
observed by the 5 h time point. These data confirm that the signal
observed in tumors and other tissues results from modification of
specific protein targets and is not due to nonspecific accumulation of
the probes. Quantification of the overall signal-to-background ratio
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for each probe shows that both the GB123 and GB138 probes produce
strong specific signals in tumors and that the higher wavelength IRDye
800 dye provides higher overall signal-to-background ratios (Fig. 2c).
We also found that the IRDye 800 changed the overall distribution of
the probe, thereby leading to enhanced labeling of cathepsins in
tumors and reduced labeling of cathepsins in other tissues such as
liver, spleen and kidney (Supplementary Fig. 3). In addition, these
results indicate that specific accumulation of the probe in tumors is
not fluorophore dependent, as multiple probes produced similar
results with comparable signal-to-background ratios.

One of the primary advantages of using covalent activity-based
probes is that it is possible to directly monitor the labeling of specific
proteins by simple SDS-PAGE analysis of tissue homogenates collected
from animals treated with the probes. Thus, to identify protease
targets and to further exclude the possibility that specific signals
observed in the whole-body images resulted from nontarget-mediated
accumulation of the probes, we performed biochemical analysis of
tumors derived from MDA-MB 231, MDA-MB 435 and C2C12/Hras1
cells that had been in vivo–labeled by either the active probe GB123 or
the control probe GB125 (Fig. 3a). After noninvasive imaging of the
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tumors on the live mice, tissues were collected and homogenized and
normalized protein samples were analyzed by SDS-PAGE followed by
scanning of the gel with a laser scanner. Three predominant labeled
proteins were observed in the 20–30 kDa size range. This labeling
pattern was similar to the pattern of labeled cathepsins observed in the
parent cell lines (Fig. 1c). The 30 kDa protein was confirmed to be
cathepsin B, and the 23 kDa protein was identified as the heavy chain
form of cathepsin L by immunoprecipitation using specific antisera
(Fig. 3b). Though the identity of the 25 kDa protein could not be
determined with available antibodies, it is likely to be a cysteine
cathepsin given that its labeling could be blocked by treatment of
animals with specific inhibitors. Importantly, the overall intensity of
labeling of the cathepsins observed by gel analysis strongly correlated
with the intensity of the signal observed in the whole-body images
(Fig. 3c), which suggests that the signals observed in the live animals
were due to specific probe modification of active cysteine cathepsins.

In vivo analysis of quenched NIRF-ABPs
Our initial results with the nonquenched probes suggested that they
are effective tools for in vivo imaging applications. However, these
nonquenched probes suffer from high background labeling that
requires extended waiting periods before images with sufficient
signal-to-background ratios can be generated. We reasoned that the
quenched probe GB137 should have significant benefits at early time
points after introduction of the probe. We therefore performed a
direct comparison of GB123 and GB137 in mice bearing the MDA-MB
231 MFP tumors (Fig. 4a). Animals were injected with the probes and
images were collected over a 24 h period. Unlike the nonquenched
probe, the quenched probe GB137 produced a specific signal in the
tumors and showed virtually no background labeling starting at the
earliest time point. This specific signal in the tumors increased with
time and reached a maximum by 6–8 h after probe injection.

Quantification of the overall signal-to-background ratios for multiple
animals for each probe indicated that GB123 and GB137 produce
similar overall signal-to-background ratios; however, the quenched
probe achieved its maximum much more rapidly than the
nonquenched probe (Fig. 4b). To confirm that the signal observed
in animals treated with GB137 was due to specific modification of
protease targets, we collected tissues from various organs and from
tumors and analyzed these samples by SDS-PAGE (Fig. 4c). As
observed for intact cells (Fig. 1b), the GB137 probe labeled the
same three cathepsin protease species in tumors, liver, spleen and
kidney tissues. In addition, GB137 did not show any labeling of the
highly abundant serum protein at 66 kDa, whereas GB123 showed
strong labeling of this protein. This result confirms that the 66 kDa
background protein does not affect images generated in vivo because
both probes produced similar noninvasive images. We believe this
background protein is likely to be serum albumin, which contaminates
the samples when tissues are collected. Overall, these data
further support the notion that these NIRF-ABPs produce specific
signals in tumors as a result of activity-dependent modification of
protease targets.

Imaging of in vivo efficacy of small-molecule inhibitors
To further confirm that signals observed in whole-body images were
due to protease activity and to show that these probes have value as
tools for in vivo monitoring of target inhibition, we used a broad-
spectrum papain-family inhibitor to reduce protease activity in the
animals before imaging with the quenched and nonquenched probes.
We initially began these studies using the general inhibitor JPM-OEt
because it is characterized by broad reactivity with the cysteine
cathepsins and has been used in mouse models of cancer to
block activity of this family of proteases19. However, all of our
initial attempts to reduce cysteine cathepsin activity in tumors by
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Figure 5 Imaging of small-molecule inhibitor efficacy. (a) MDA-MB 231 MFP cells were injected subcutaneously on the back of BALB/c nude mice

2 weeks before imaging. Animals were treated with the general inhibitor K11777 (50 mg kg–1 twice daily) or DMSO vehicle for 5 d before labeling. Mice

were injected intravenously with 25 nmol GB123 or GB137 and then imaged at various times up to 10 h. Images for representative mice at the 10 h time

points are shown. Images use a colorometric scale based on photons per second per square centimeter per steradian (p s –1 cm–2 sr–1) overlaid on bright-

light images. (b) Total fluorescence signal relative to tumor surface area after background subtraction was calculated for each animal. Data represent mean

values ± standard errors for n ¼ 3 or mean values ± range for n ¼ 2. (c) Tumors from inhibitor- and vehicle control–treated mice in a were surgically

removed and tumor masses imaged as in a. (d) Tissues from vehicle- and inhibitor-treated mice were collected, homogenized and analyzed by SDS-PAGE

followed by scanning of the gel using a laser fluorescent scanner. (e) Intensities of the four predominant labeled proteins in tumor tissues in d were

quantified and plotted as mean values relative to vehicle treatment (designated as 100%) with calculated standard error. Error bars represent range for

vehicle samples. Two separate experiments including two animals treated with vehicle and three animals treated with K11777 were performed.
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intraperitoneal injection of JPM-OEt failed. Even after treatment with
high doses of drug (100 mg kg–1 day–1) over a 3-d period before
imaging, we observed no reduction of fluorescent signals in tumors. In
agreement with the imaging result, we observed no reduction in
labeling of cathepsins in tumor tissues assayed biochemically by
SDS-PAGE analysis of tissue extracts (data not shown).

We reasoned that our inability to block cysteine cathepsin activity
was due to poor distribution and cellular uptake of the inhibitor into
grafted tumor tissues. In our previous studies of tumors in a
transgenic model of pancreatic cancer, this same inhibitor effectively
blocked cysteine cathepsins19. These findings suggest that the lack of
inhibition is due to the nature of grafted tumors, which may generally
be less accessible to this class of small-molecule inhibitors than tumors
that develop in situ in their native microenvironment.

We therefore decided to switch to the MDA-MB 231 MFP cells and
use a broad-spectrum inhibitor that has more favorable cell perme-
ability properties. The inhibitor K11777 (12) is a dipeptide vinyl
sulfone35 that has been used for extensive in vivo preclinical animal
studies owing to its potential use as a drug for treatment of Chagas
disease (J. McKerrow, University of California, San Francisco, personal
communication). In addition, we treated mice for 5 d before imaging
in order to more completely reduce cathepsin activity in tumor
tissues. Imaging showed that the specific signal in tumors at the
10 h time point was reduced in mice treated with K11777 (Fig. 5a).
Importantly, we obtained similar results with both the GB123 and
GB137 probes. Quantification of total tumor fluorescence indicated
that signal was reduced by 60–80% in mice treated with K11777
relative to control mice (Fig. 5b). To further confirm this reduction in
signal in tumors and to reduce background, we removed solid tumor
masses from the mice and imaged them using the same CCD camera
system as described above (Fig. 5c). Again the signal intensity in the
tissues of the K11777-treated mice was reduced, corresponding to the
images obtained in the live animals.

Finally, we analyzed the tumor tissues, as well as tissue from liver,
kidney, spleen and muscle, by SDS-PAGE to confirm that loss of signal
in our whole-body images was due to a reduction in labeled cysteine
cathepsins (Fig. 5d). Labeling profiles in all tissues from both treated
and control mice showed the same pattern of active cathepsins
observed previously with the addition of a specific signal around
45 kDa that was particularly pronounced in liver. This additional
signal is likely to be the pro form of a cysteine cathepsin that can be
labeled by the active site probe if it accumulates at sufficient con-
centrations. Such proenzyme labeling has been observed for the
cysteine cathepsins and is thought to result from the reversible
binding nature of the inhibitory prodomain36. Importantly, quantifi-
cation of the biochemical gel data indicated that labeling of specific
cysteine cathepsins was reduced in tissues from the mice treated with
K11777 by 50–80% (Fig. 5e), which correlates well with the observed
imaging data. Overall, these data further support the notion that
NIRF-ABPs provide a fluorescent readout of protease activity in a
living animal and that the modulation of this activity using small-
molecule therapeutics can be monitored by direct whole-body
imaging methods.

DISCUSSION
Proteases are among the most extensively studied enzyme families
owing to their involvement in regulation of diverse cellular processes
and their potential value as disease biomarkers and as targets for
small-molecule therapeutics. In this study we present classes of
fluorescently quenched and nonquenched NIRF-ABPs that allow the
activity of the cysteine cathepsins B and L to be visualized in living

subjects. The covalent nature of the probes enables a direct link
between imaging data and the biochemical readout of labeled targets,
thus permitting assignment of imaging signals to specific protease
targets. Importantly, these probes allow direct in vivo analysis of drug
efficacy and pharmacodynamic properties.

There have been a number of recent technological advances that
have enhanced our ability to monitor enzyme activity using non-
invasive imaging methods22–24. These new methods have mainly relied
on substrates that become fluorescent or change cellular localization
when processed by a given enzyme target26–29. While they are valuable
additions to the imaging toolbox, these methods suffer from a number
of shortcomings that limit their utility for studies of specific protease
targets. In particular, the large number and diversity of proteases in a
given cell or organism hinders the development of highly specific
substrates. Although there are examples of peptide substrates that
show relatively high selectivity for a given protease target37,38, it is
generally difficult to control protease processing of peptide-based
substrates. Furthermore, there is no direct way to determine which
protease is responsible for the processing of a given substrate in vivo.
ABPs have advantages over substrates in that they can be designed to
be highly specific for distinct subfamilies of proteases. The AOMK-
based probes used in the studies presented here are highly selective for
cysteine proteases and have been engineered to target only a small
subset of this family30,39. The main drawback of using a covalent probe
is the lack of amplification of signal since the target proteases are
inactivated upon binding the probe. Although we were initially
concerned that the general abundance of active proteases would
severely limit the utility of an ABP for imaging applications, we
have found that sufficient concentrations of these proteases exist in
tumor tissues to allow the generation of reasonable contrast images
using noninvasive methods. Notably, the images generated with our
NIRF-ABPs show signal-to-background ratios that are similar to those
published previously for substrate-based probes27,29, which suggests
that amplification of signal by processing of multiple reporter
molecules may not constitute a limiting factor in the control of
probe sensitivity.

In addition to being valuable tools for monitoring protease activity
in living subjects for the purpose of disease diagnosis, NIRF-ABPs
have potential for assessing the specificity of therapeutic agents
designed to target a particular protease. In many cases, drug leads
are advanced or dropped in preclinical testing based on efficacy data in
a particular model of disease. When compounds fail to show efficacy,
it is often difficult to determine whether this is due to a poor choice of
targets or to problems with distribution of the compound in vivo. For
example, in the study presented here, we made several attempts to
reduce probe labeling by treating mice with high doses of the protease
inhibitor, JPM-OEt. Our initial failed attempts to detect a reduction in
signal with increased JPM-OEt could have led us to believe that the
signals obtained by imaging in tumors were the result of nonspecific
background. Because we could correlate the imaging results with
biochemical analyses of tumor tissues, this failure could be ascribed
to the drug treatment, which did not lead to the expected reduction in
protease activity in the tumor tissues. This example illustrates the
problem of drug access associated with the use of the grafted
tumor model. More importantly, it highlights the value of our
probes, which allow validation, in vivo, of the pharmacodynamic
properties of small molecules and other therapeutic agents by a
combination of complementary assays. The potential to establish the
efficacy of drug targeting in preclinical and clinical settings, which
this technology enables, should help to accelerate the drug
development process.
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In conclusion, NIRF-ABPs are promising new tools that can now be
further developed for applications in noninvasive imaging. In parti-
cular, the quenched probes can be used to image specific protease
activity at considerably earlier time points than can be used for
substrate-based methods or nonquenched ABPs. Thus, quenched
probes have the potential to be used for intraoperative procedures
in which rapid production of specific signal is required. In addition,
the approach described here can be adapted to target other classes of
proteases as well as other families of enzymes. Indeed, a number of
newly validated classes of ABPs have been reported in the last five
years, and more will inevitably be developed with potential for use as
imaging probes2. A current limitation of this technology is that it is
only applicable to superficial tissues, and the high levels of signal in
large organs with high cathepsin activity such as liver, kidney and
spleen make imaging of specific locations within the central body
cavity difficult. However, one can envision improvements in imaging
technologies that will allow fluorescently labeled probes to be used in
deeper tissue targets in larger subjects. Furthermore, improvements in
fluorescence tomography methods will also allow these probes to be
used for imaging in specific locations with high levels of ‘background’
labeling. In addition, ABPs can be coupled to radioactive reporters to
allow radiological imaging (for example, PET and SPECT) of probe-
modified targets. Work on the development of (i) additional qNIRF-
ABPs that make use of the higher wavelength IR800 dyes and (ii) PET
and SPECT ABPs is currently underway and will likely lead to
increased utility for these valuable reagents in the near future.

METHODS
General methods. Unless otherwise noted, all resins and reagents were

purchased from commercial suppliers and used without further purifications.

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 using an API 150EX single-quadrupole mass spectrometer

(Applied Biosystems). Reverse-phase HPLC was conducted with an ÅKTA

explorer 100 (Amersham Pharmacia Biotech) using C18 or C4 columns.

Fluorescent gels were scanned using a Typhoon 9400 flatbed laser scanner

(GE Healthcare). Male BALB/c nude mice (4–8 weeks old) were obtained from

the Stanford University Department of Comparative Medicine. All animal

protocols were approved by the Stanford Administrative Panel on Laboratory

Animal Care, and the procedures were performed in accordance to their

guidelines. Statistical analysis was preformed using Microsoft Excel, and

s.e.m. was calculated by dividing the s.d. by the square root of n.

Cell cultures. NIH3T3 mouse fibroblast cells (see Acknowledgments), mouse

myoblast cells C2C12 retrovirally transduced to express the Hras1 oncogene

(using the ecotropic FNX packaging cell line), and U87MG cells were cultured

in DMEM (GIBCO) supplemented with 10% fetal bovine serum (FBS;

GIBCO), 100 units ml–1 penicillin and 100 mg ml–1 streptomycin (GIBCO).

MDA-MB 231 and MDA-MB 435 human epithelial adenocarcinoma cells and

MDA-MB 231 MFP human epithelial adenocarcinoma were cultured in

Leibovitz’s L-15 medium (GIBCO) supplemented with 10% FBS, 100 units

ml–1 penicillin and 100 mg ml–1 streptomycin at 37 1C (with no CO2 addition).

Labeling of intact cells with NIRF-ABP. MDA-MB 231 cells and MDA-MB

231 MFP (200,000 cell well–1) and NIH3T3, C2C12/Hras1, U87MG and MDA-

MB 435 cells (240,000 cell well–1) were seeded in a 6-well plate 1 d before

treatment. Cells were pretreated with the papain-family protease inhibitor

GB111-NH2 (ref. 30) (5 mM) or with control DMSO (0.1%) for 1.5 h and

labeled by addition of GB123 or GB137 (1 mM) in growth medium DMSO

(0.1%) for 3 h; the final DMSO concentration was maintained at 0.2%. Cells

were washed with phosphate-buffered saline (PBS) and lysed by addition of

sample buffer (10% glycerol, 50 mM Tris HCl, pH 6.8, 3% SDS and 5%

b-mercaptoethanol). Crude lysates were spun down and protein content was

measured. 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 (excitation/emission 633/680 nm).

Mouse serum sensitivity. NIH3T3 (240,000 cells well–1) were seeded in a 6-well

plate 1 d before treatment. Cells were pretreated either with general papain-

family protease inhibitor JPM-OEt (50 mM) or with control DMSO (0.1%)

for 1 h and then labeled with 1 mM (final concentration) probe for 3 h. Probes

(1 ml) were either incubated in 9 ml mouse serum (Invitrogen) for 1 or 4 h

at 37 1C or incubated at 37 1C without serum, before addition to cells for

labeling. Equal numbers of cells were lysed by addition of sample buffer (10%

glycerol, 50 mM Tris HCl, pH 6.8, 3% SDS and 5% b-mercaptoethanol) and

then separated by SDS-PAGE. Labeled proteases were visualized by scanning of

the gel with a Typhoon flatbed laser scanner (excitation/emission 633/680 nm).

In vivo imaging. MDA-MB 231, MDA-MB 435, MDA-MB 231 MFP or C2C12/

Hras1 cells were grown to subconfluencey and then detached with trypsin, spun

down and resuspended in 0.5% BSA (Fisher Biotech) in sterile PBS (GIBCO) at

1 � 108 cells ml–1. Cells (1–4 � 106 per spot) were injected subcutaneously at

the indicated locations on 4–8 week old male BALB/c nude mice under

isoflurane anesthesia. 2–4 weeks after cell implantation, probe (25 nmol;

1.2 mg g–1 GB123, 1.1 mg g–1 GB125, 2.0 mg g–1 GB137 or 1.5 mg g–1 GB138)

dissolved in 66% DMSO in PBS at a total volume of 100 ml was injected

intravenously via the tail vein to tumor-bearing mice. Mice anesthetized with

isoflurane were imaged at various time points after probe injection using the

IVIS 200 imaging system (Xenogen) equipped with a Cy5.5 filter (for GB123-,

GB137- and GB125-treated mice) or an ICG filter (for GB138-treated mice).

Relative fluorescence of equal-sized areas of tumor and back were measured

using Living Image (Xenogen). After the last time point of imaging, mice were

anesthetized with isoflurane and killed by cervical dislocation. Tumors, liver

and kidney, spleen and muscle, or brain were surgically excised and frozen in

liquid nitrogen. Organs were either lysed using bead beater, dounced in PBS

buffer, pH 7.2 (1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate, 0.2%

sodium azid), or imaged ex vivo using the IVIS 200 imaging system before lysis

of tissues. Total protein extracts (120 mg) were separated by SDS-PAGE and

visualized by scanning of the gel with a Typhoon flatbed laser scanner

(excitation/emission 633/680 nm). Intensity of bands was measured using

NIH Image (http://rsb.info.nih.gov/nih-image/). For inhibitor studies, com-

pounds were injected intraperitoneally twice daily in 40% DMSO/sterile PBS in

a final volume of 100 ml. Inhibitor (K11777, 100 mg kg–1 day–1) or vehicle was

administered over 5 d before probe injection.

Cathepsin immunoprecipitation. Total protein extracts (170 mg) from C2C12/

Hras1 tumors locally injected with DMSO and in vivo–labeled with GB123

were diluted to 500 ml in RIPA buffer (50 mM Tris HCl, pH 7.4, 150 mM NaCl,

5 mM EDTA, 0.5% deoxycholate, and 0.1% SDS). Anti-mouse cathepsin B (E

Weber Halle) or anti-mouse cathepsin L (R&D Systems) were added and mixed

for 30 min at 4 1C. Protein A/G Plus Agarose beads (10 ml, Santa Cruz

Biotechnology) were added and mixed overnight at 4 1C. Samples were

centrifuged and supernatant and beads were collected. Beads were washed

with RIPA buffer and boiled after addition of sample buffer 2X (20% glycerol,

100 mM Tris HCl, pH 6.8, 6% SDS, and 10% b-mercaptoethanol). Acetone at

0 1C (1 ml) was added to the supernatant and kept at –80 1C for 2 h.

Precipitated proteins were collected by centrifugation in the cold for 30 min,

dried, and dissolved by boiling in sample buffer. Samples without immuno-

precipitation (input), pellets (P) and supernatant (S) were separated on a 14%

Tris-glycin gel (Invitrogen) and visualized by scanning of the gel with a

Typhoon flatbed laser scanner (excitation/emission 633/680 nm).

Chemical synthesis and characterization of NIRF-ABPs. See Supplementary

Methods online.

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