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Abstract

Legumain is a lysosomal cysteine protease whose biological function remains poorly defined.
Legumain activity is up-regulated in most human cancers and inflammatory diseases most likely
as the result of high expression in populations of activated macrophages. Within the tumor
microenvironment, legumain activity is thought to promote tumorigenesis. To obtain a greater
understanding of the role of legumain activity during cancer progression and inflammation, we
developed an activity-based probe that becomes fluorescent only upon binding active legumain.
This probe is highly selective for legumain, even in the context of whole cells and tissues, and is
also a more effective label of legumain than previously reported probes. Here we present the
synthesis and application of our probe to the analysis of legumain activity in primary macrophages
and in two mouse models of cancer. We find that legumain activity is highly correlated with
macrophage activation and furthermore that it is an ideal marker for primary tumor inflammation
and early stage metastatic lesions.
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INTRODUCTION

Legumain, or asparaginyl endopeptidase, is a cysteine protease found primarily in the acidic
environment of the lysosome, although in some cell types it may also be associated with the
cell surface.12 As its name indicates, it was first identified in legumes as a vacuolar
processing enzyme with unique substrate specificity toward asparagine residues in the P1
position. Legumain is most highly expressed in the kidney, where it contributes to normal
protein catabolism and renal homeostasis.3 It also promotes extracellular matrix remodeling
in proximal tubule cells through degradation of fibronectin.* Additionally, it, along with
several members of the cysteine cathepsin family, plays important roles in immune function,
where it can initiate invariant chain processing during Class I MHC antigen presentation.>°

Beyond its roles in normal physiology, legumain is associated with a number of
inflammatory diseases such as atherosclerosis,*1911 stroke,12 and cancer. Its expression is
upregulated in the majority of solid tumors? and correlates with decreased survival in human
patients bearing breast,13 colorectal, 14 and ovarian!® tumors. A number of in vitro assays
have demonstrated that HEK 293 cells overexpressing legumain show increased potential
for cell migration, invasion, and angiogenesis.2 These cells also show increased metastasis
from subcutaneous tumors in vivo compared to nontransfected control cells.2 Within the
tumor microenvironment, however, legumain is most highly expressed by tumor-associated
macrophages (TAMs) and not by the tumor cells themselves.16.17

Precise roles for stromal-derived legumain have not been thoroughly defined; however, it
likely contributes to the tumor-promoting inflammation associated with most
malignancies.® One antitumor strategy involved triggering an immune response toward
legumain-expressing cells with a mini-gene vaccine. This led to ablation of TAMs and
subsequent reduction in tumor volume, angiogenesis, and metastasis.}”-1% Other strategies
have focused on prodrugs that, when processed by legumain, release cytotoxic agents such
as doxorubicin specifically in cells with high levels of active legumain.1:216.20.21 These pro-
drugs have been shown to have a profound impact on survival in both syngeneic and human
xenograft tumor models in mice. Efficacy of these strategies illuminates important roles for
legumain-expressing cells in tumor progression, invasion, and metastasis.

As with any protease, analysis of expression of legumain at the gene or protein level gives
little insight into the regulation of its enzymatic activity. Legumain is synthesized as an
inactive zymogen that becomes proteolytically active through an autocleavage event upon
arriving in the acidic environment of the lysosome. Once active, legumain is also subject to
inhibition by endogenous proteins such as the cystatins. Recently, our group reported a near-
infrared fluorescent activity-based probe, LP-1, to detect legumain activity.22 This probe
contains an azaepoxide electrophile that binds specifically and irreversibly to the catalytic
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thiol in the active site of legumain. Because LP-1 is not quenched, the free, unbound probe
must clear before specific signals can be detected in vivo. To circumvent this problem, and
thereby increase the specificity of the fluorescent signal, we describe here a “smart”
legumain probe that is intrinsically quenched and becomes fluorescent only upon specific,
covalent binding to legumain. This new probe shows comparable potency toward legumain
in cell lysates and enhanced labeling of legumain in intact cells, organs, and tumors when
compared to LP-1. We show that this reagent can be used to image legumain activity in both
normal mice and in two murine models of cancer. We also use the probe to monitor the
induction of legumain activity in alternatively activated bone-marrow-derived macrophages.
These data provide insight into how this protease could be up-regulated in the inflammatory
tumor microenvironment and provide a valuable new tool for imaging of inflammation
events.

RESULTS AND DISCUSSION

Development of a Quenched Activity-Based Probe for Legumain

To generate a quenched legumain probe, we needed to utilize an electrophile that would
produce a leaving group upon covalent binding with the active site cysteine. The aza-
epoxide warhead in LP-1 is not suitable for such a purpose as nucleophilic attack results in
opening of the epoxide ring. We turned instead to the acyloxymethyl ketone (AOMK)
electrophile that we have successfully used to make quenched probes for cathepsins.23.24
Upon binding of the enzyme to the AOMK reactive group, the O-acyl group is released,
making it an ideal place to introduce a quenching moiety (Figure 1).

Legumain exhibits a strong preference for cleavage after asparagine residues; however, it
has also been shown to bind AOMK probes containing a P1 aspartic acid.25-27 At low pH in
the lysosome, the acid side chain is protonated, thereby permitting binding in the S1 pocket
of legumain. Because P1 Asn-AOMK probes are not stable over time,2” we opted to move
forward with AOMKSs that contain a P1 Asp. Our previously reported probe, AB50,
containing the sequence Glu-Pro-Asp-AOMK, primarily targeted caspases. However, it also
demonstrated significant cross-reactivity with legumain.28 We hypothesized that adding a
bulky quenching group to AB50 would encourage uptake into the cell by macropinocytosis/
endocytosis rather than direct entry into the cytoplasm. Sequestration of the probe in the
endosomal pathway would increase access to legumain and limit interaction with caspases,
thereby producing a legumain-selective quenched probe.

We first compared fluorescence emission of increasing concentrations of both AB50 and
LE28 and found LE28 to be highly quenched (Figure S2, Supporting Information). To test
the capacity for LE28 to bind legumain, we first used cell extracts prepared from mouse
macrophages (RAW 264.7 cells) lysed in citrate buffer (pH 4.5). (To verify equal loading in
this and subsequent experiments, we have included data from our BCA protein
quantification assays. Protein concentration was measured for each experiment, and uniform
amounts of protein were used for each sample within the same gel (Figure S3, Supporting
Information).) We incubated these extracts with increasing concentrations of LE28, and then
proteins were resolved by SDS-PAGE followed by scanning for Cy5 fluorescence. We
observed labeling of a single legumain species at 36 kDa (Figure 2a). This band was
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detectable at probe concentrations as low as 100 pM with an EC50 ~10 nM and saturation
above 50 nM. To confirm that the labeled species was indeed legumain, we performed an
immunoprecipitation assay on probe-labeled lysates with a legumain-specific polyclonal
antibody (Figure 2b). To verify that LE28 was activity-dependent, we preincubated RAW
cell lysates with recombinant cystatin C, a naturally expressed legumain inhibitor, followed
by addition of LE28. We observed dose-dependent competition of legumain labeling by
LE28 (Figure S4a, Supporting Information). Cystatin C N39A, a mutant lacking the residue
critical for legumain binding, however, was unable to block labeling.

Next, we examined the ability of LE28 to label legumain in intact RAW cells. As in lysates,
we observed exclusive labeling of legumain at all concentrations tested (Figure 2¢). We also
performed a labeling time course in intact cells. Legumain activity could be detected as little
as 30 min after probe addition and was saturated after two hours (Figure 2d). We also
performed identical experiments in COLO205 colorectal cancer cells. While the potency of
LE28 was similar in both cell lines (Figure S4b, Supporting Information), we found that
saturation of legumain labeling in COLO205 cells did not occur until four hours after probe
addition (Figure S4c, Supporting Information). The more rapid uptake by macrophages
supports our hypothesis that the probe enters cells by endocytosis or macropinocytosis.

Next, we examined the LE28-labeled RAW cells by microscopy. We observed a punctate
staining pattern consistent with lysosomal accumulation. As anticipated, LE28 staining
colocalized with Lysotracker, confirming lysosomal distribution (Figure 2e). To show that
the fluorescent signal was specific to legumain, we also treated RAW cells with a legumain-
specific inhibitor, LI-1,22 prior to the addition of LE28. Compared to a control that was
pretreated with a DMSO vehicle, the LI-1 treated cells showed dramatically less signal
(Figure 2f). To verify that this was due to legumain inhibition, we also analyzed cells treated
in parallel by fluorescent SDS-PAGE. Indeed, nearly all of the LE28 labeling was blocked
upon pretreatment with L1-1 (Figure 2g).

LE28 Reactivity toward Caspases

In RAW cells, the quenched probe LE28 exhibited specific labeling of legumain. Since its
structure was designed based on our nonquenched caspase probe, AB50, we wondered
whether it retained reactivity toward caspases. We used an in vitro model of apoptosis in
which COLO205 cells were stimulated with anti-DR5, a monoclonal antibody that initiates
the extrinsic apoptosis pathway.28-30 As we observed previously, AB50 labeled caspases
and legumain at similar levels in intact cells (Figure S5a, Supporting Information). LE28,
however, showed virtually no detectable caspase labeling and dramatically increased
legumain labeling. When labeling was carried out in apoptotic lysates at neutral pH, both
probes labeled caspases; however, LE28 was far less potent (Figure S5b, Supporting
Information). In acidic pH, both probes labeled multiple legumain bands (Figure S5c,
Supporting Information). These bands were confirmed to be legumain by
immunoprecipation with a legumain-specific antibody (Figure S5d, Supporting
Information). Taken together, these data indicate that the bulky quenching group on LE28
effectively reduces the probe’s affinity for caspases and sequesters it within the endocytic
pathway, where it binds exclusively to legumain.
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In Vitro Comparison of LE28 and LP-1

Next we wanted to compare the efficacy of LE28 with that of the aza-asparagine epoxide
probe, LP-1, which is the current gold standard for detecting legumain activity in vitro and
in vivo.22 Labeling was comparable with both probes in RAW cell extracts (pH 4.5) where
LP-1 showed slightly increased potency compared to the LE28 probe (Figure S6a,
Supporting Information). In intact cells, on the other hand, LE28 labeled more legumain at 1
UM than LP-1 (Figure S6b, Supporting Information), perhaps due to increased uptake of
LE28 into the lysosomes compared to the less bulky LP-1.

LE28 contains a P1 aspartic acid, which requires protonation to initiate legumain binding,
while LP-1 has a P1 asparagine. To examine the pH dependence of both probes, we lysed
RAW cells in citrate buffer at varying pH, followed by labeling with either LE28 or LP-1
(Figure S6c, Supporting Information). We found that LP-1 labeled legumain equally well up
to pH 6 and then dropped off sharply at neutral pH, consistent with the reported pH
dependence of legumain.3! As expected, LE28 labeling decreased markedly above pH 5 due
to the need for protonation of the aspartate side chain, and no labeling was observed at
neutral pH.

Regulation of Legumain Activity

Little is known about how legumain expression and activity is regulated in the tumor
microenvironment. One study reported that legumain expression is upregulated in RAW
cells exposed to the cytokines IL-4, IL-10, or IL-13, which differentiate macrophages to the
M2 phenotype.1” We were unable to recapitulate these results in our laboratory and found
that RAW cells basally express high legumain levels. To further investigate legumain
activity in macrophages, we turned to freshly differentiated macrophages isolated from
murine bone marrow. Primary macrophages were stimulated for 96 h followed by labeling
with LE28.

IL-4 treatment resulted in an increase of both expression and activity of legumain compared
to nonstimulated controls (Figure 3a,b). Conversely, IL-10 treatment did not affect legumain
levels. This was surprising given that in dendritic cells IL-10 has been shown to down-
regulate expression of cystatin C, an endogenous legumain inhibitor.32 When we treated
macrophages with both I1L-4 and IL-10 simultaneously, we observed considerable up-
regulation of three species, which were confirmed to be processed forms of legumain by
immune precipitation (Figure S7a, Supporting Information). We considered the possibility
that the increase in legumain activity that we observed may have been due to increased
uptake of LE28 by activated macrophages that have an increased potential for endocytosis of
extracellular material. Therefore, we also performed a parallel experiment in which
macrophages were lysed post cytokine treatment and then labeled with LE28 (Figure S7b,
Supporting Information). The same activation trend was observed, confirming an up-
regulation of legumain activity in response to cytokine treatment. In lysates, however, the 24
kDa protein was not observed, suggesting that it may be perturbed by the lysis conditions.

We also examined the kinetics of legumain up-regulation in response to 1L-4/-10
stimulation. A substantial increase was detected as early as 24 h after exposure, and activity/

J Am Chem Soc. Author manuscript; available in PMC 2015 May 13.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Edgington et al.

Page 6

expression continued to rise throughout the time course (Figure 3c,d). Appearance of the 24
kDa legumain band occurred only after 72 h, suggesting regulated processing as
macrophages become more active. When lysates were labeled, we observed the same time-
dependent increase in legumain activity as found in intact cells (Figure S7c, Supporting
Information).

Next we compared the legumain activity of the 4T1 breast tumor cell with that of primary
macrophages (Figure 3e). When we cocultured an equal number of tumor cells and
macrophages, we saw a sharp increase in legumain activity. This suggests that factors such
as IL-4 and IL-10 (and most certainly others) released by tumor cells are able to
significantly induce the expression and activation of legumain in macrophages, though
additional experiments are needed to confirm this. Lysates prepared from xenografted
tumors also showed elevated levels of legumain activity compared to the parental 4T1 line,
suggesting macrophage infiltration and legumain regulation within the tumor
microenvironment. We also performed similar experiments with two other cancer cell lines.
Legumain activation in COLO205 colon cancer cells followed the same trend as 4T1 cells
(Figure S7d, Supporting Information). However, HCT116 colon cancer cells showed very
little up-regulation both in coculture and in vivo (Figure S6e, Supporting Information).

In Vivo Imaging with LE28

While LE28 and LP-1 were both effective activity-based probes for legumain in vitro, we
anticipated that the real advantage of LE28 would be for optical imaging. Because LE28 is
quenched, it should have dramatically improved in vivo properties since there is no need for
clearance of the unbound probe to obtain image contrast. We therefore examined probe
clearance by optical imaging in healthy nude mice. LE28 was injected by the tail vein
following imaging of Cy5 fluorescence over time using the 1VVIS 100 system (Figure 4a).
LE28 produced low fluorescence at early time points. A specific signal in the kidney became
detectable after about one hour and continued to increase over time. Injection of LP-1, on
the other hand, resulted in whole body fluorescence at early time points, and after one hour,
most of the fluorescent signal had disappeared (Figure S8a, Supporting Information).

After eight hours, we collected the major organs from mice injected with each probe and
performed a biochemical analysis. For both probes, the highest labeling was observed in the
kidney and to a lesser extent the liver (Figure 4b and Figure S8b, Supporting Information).
In fact, LE28 labeling in the kidneys was so high that it was possible to visualize the probe
signal using the noninvasive fluorescence imaging methods, which are limited by poor
penetration depth. Low levels of signal were also detected in the spleen, intestine, pancreas,
and heart, but not in the lungs or brain. The distribution of labeling in the organs was largely
consistent with the total legumain levels as detected by Western blot (Figure 4c). However,
the Western blot shows higher levels of legumain in the spleen than detected by LE28 or
LP-1. This may reflect inhibition of legumain in the spleen or poor probe delivery to this
organ. While the labeling patterns for both probes were very similar, the intensity of the
LE28 signal was more than five times brighter than LP-1. We attribute this difference to the
increased half-life of LE28 in combination with the enhanced cellular uptake that we
observed in vitro. Furthermore, analysis of tissues after 28 h probe circulation revealed
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nearly identical levels of probe labeling, indicating that LE28-bound legumain is sustained
over time (Figure S8c, Supporting Information). The most mature form of legumain was
previously reported to be 36 kDa. In the kidney and liver, labeled proteins with molecular
weights lower than 36 were confirmed to be processed forms of legumain, as shown by
immunoprecipitation with a legumain-specific antibody (Figure S8d,e, Supporting
Information).

We also wanted to assess the ability of LE28 to detect legumain in tumors by noninvasive
imaging. To this end, we used a simple xenograft model using HCT-116 human colorectal
carcinoma cells. We injected tumor-bearing mice with LE28 and monitored whole body
fluorescence over the course of 28 h. The LE28 signal could be detected around the
periphery of the tumors in as early as 30 min with gradual penetration throughout the tumor
over time (Figure 4d). Maximal contrast between tumor and normal tissue was achieved
after seven hours, and the signal remained constant up to 28 h. Importantly, ex vivo
fluorescence correlated with levels of legumain labeling by SDS-PAGE (Figure 4e). In the
same experiment, we also performed a direct comparison of LE28 to the nonquenched
probe, LP-1 (Figure S9, Supporting Information). LE28 showed much brighter tumor signal,
which persisted for longer than that of LP-1. LE28 also produced better contrast of the
tumor over the surrounding normal tissue (Figure S9a—c, Supporting Information).
Futhermore, the ex vivo fluorescence produced by LE28 was strikingly brighter than LP-1,
corresponding to dramatically increased labeling of legumain as assessed by SDS-PAGE
(Figure S9d, Supporting Information).

Imaging Legumain Activity in a Syngeneic Tumor Model

Legumain is highly expressed in macrophages and plays roles in immune function.
Infiltration of immune cells into the tumor has been shown to be a hallmark of tumorigenesis
and contributes to the smoldering inflammation characteristic of the tumor
microenvironment. The nude mice used in the previous study lack a complete immune
system; therefore, we wanted to test LE28 in a more physiologically relevant model. We
turned to a syngeneic model using immunocompetent Balb/c mice. 4T1 cells derived from a
spontaneous mouse mammary tumor were injected by tail vein to simulate metastasis. Since
the cells were engineered to express luciferase, tumor progression could be monitored by
bioluminescence imaging. Once tumors were established, we injected LE28. Six hours later,
we injected luciferin and then performed bioluminescence and fluorescence imaging and
biochemical analysis of excised tissues (Figure 5a). The majority of mice developed nodules
in the lung. We found that even the smallest nodules that we could detect by luciferase were
positive for Cy5 fluorescence and thus legumain activity (Figure 5b). No signal was detected
in naive lungs. As the tumor burden increased, we saw increased levels of fluorescence,
which largely colocalized with luciferase activity but also spread to the surrounding normal
tissue. We believe this is due to the fact that LE28 provides a broad measure of
inflammation of the lung, while the luciferase signal remains confined to tumor tissues.
Solid tumors also appeared throughout the peritoneum, and these tissues were also positive
for the LE28 probe signal.
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When we analyzed whole lung lysates by SDS-PAGE, we found that legumain levels were
increased in tissues with high tumor burden compared to normal lungs and those with few
tumors. We were surprised to see labeling of additional protein bands in the lungs with high
tumor burden (Figure 5c¢). These labeled proteins were consistent with the sizes of the
lysosomal cysteine cathepsins. Their identity was confirmed by immunoprecipitation with
cathepsin-specific antibodies (not shown). When we dissected out individual lung tumors,
however, labeled cathepsins were not observed (Figure 5d). This indicates that cathepsin
labeling may result from high levels of these proteases due to inflammation in the
surrounding tissues. Solid tumors isolated from other parts of the body produced
considerably higher levels of legumain activity than the lung tumors, indicating that the
metastatic niche may be important for legumain regulation.

CONCLUSIONS

In this study, we present a newly designed activity-based probe for the lysosomal protease
legumain. We found that the main advantage of LE28 over previously reported legumain
probes is that it is fluorescently quenched and therefore acts as a smart probe that can be
used for real-time imaging of legumain activity. Because no fluorescent signal is produced
until the probe binds active legumain, the background signal is dramatically reduced, and the
need for clearance of the free probe is eliminated. Furthermore, enhanced signal-to-noise
ratios makes LE28 ideal for microscopy experiments and in vivo imaging. An added benefit
of the large, bulky quenching group is that it appears to enhance uptake of the probe into the
lysosomal compartments of cells. As a result, LE28 provides brighter legumain signal in
vivo compared to nonquenched probes such as LP-1.

We used LE28 to image legumain activity in normal tissues in naive mice and in
inflammation associated with xenografted tumors and metastases in a syngeneic model. In
addition to kidney and liver, where legumain is constitutively active, we observed an
accumulation of fluorescent signal in tumors. Contrary to some reports that legumain is only
expressed in macrophages within the tumor microenvironment,16 in vitro, we clearly detect
legumain in primary macrophages, and its activity increases upon exposure to inflammatory
cytokines or tumor cells. We also detect varying levels of activity in several tumor cell lines
in vitro.

Studies using legumain-activated prodrugs highlight the importance of legumain-expressing
cells during tumor progression.1:2:16.20.21 However, precise roles for legumain activity
within both tumor and stroma have yet to be carefully delineated. It is also not clear whether
blocking the activity of legumain could have a therapeutic effect in a number of conditions
involving inflammation. LE28 will likely have great value in future efforts to assess the
potential of this protease as a drug target in cancer and diseases involving increased
inflammation.
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MATERIALS AND METHODS

Probe Synthesis

The synthesis of LE28 is outlined in Scheme 1 and described in detail in the Supporting
Information (Figure S1).

Lysate Labeling

Cells were seeded in six-well plates (typically 1.5 x 108/well) 24 h prior to harvest. Cells
were then washed once with PBS, scraped, and pelleted. Cells were then lysed in acidic
buffer (50 mM sodium citrate [pH 4.5], 0.1% CHAPS, 1% NP-40, and 4 mM DTT), snap-
frozen in liquid N5, and centrifuged at 4 °C for ten minutes. Supernatants were collected,
and protein concentration was determined using a BCA kit. An amount of 40 g of total
protein was then aliquotted, followed by addition of the indicated probe from a 100x DMSO
stock solution, yielding a final DMSO concentration of 1%. Samples were incubated for 30
min at 37 °C and then solubilized with 4x sample buffer. Proteins were resolved by 15%
SDS-PAGE and scanned using a Typhoon flatbed laser scanner (excitation 633 nm/emission
670 nm). For the pH dependence assay, citrate buffer was adjusted to the indicated pH just
prior to lysis.

Intact Cell Labeling

Cells were seeded as above 24 h prior to labeling. Media were replaced, and a probe was
added from a 1000x DMSO stock solution, yielding a final DMSO concentration of 0.1%.
Cells were incubated for 1 h at 37 °C unless otherwise noted, washed once with PBS,
scraped, and pelleted. Cells were then lysed in hypotonic lysis buffer (50 mM PIPES [pH
7.4], 10 mM KCI, 5 mM MgCl,, 2 mM EDTA, 4 mM DTT, and 1% NP-40), snap-frozen,
and centrifuged at 4 °C. Supernatants were then solubilized with 4x sample buffer, and 40
ug of total protein was analyzed by SDS-PAGE as above.

Tissue Labeling

Tissues were sonicated in muscle lysis buffer (1% Triton X-100, 0.1% SDS, 0.5% sodium
deoxycholate, 4 mM DTT, PBS [pH 7.4]) and analyzed as above.

Assessing Caspase Cross-Reactivity

COL0205 human colon cancer cells were plated in six-well dishes 24 h prior to treatment.
Medium was refreshed, and anti-DR5 (20 pg/mL) was added for 4 h followed by hypotonic
lysis as above. For intact labeling experiments, probes were added at the time of anti-DR5
treatment. For lysate labeling, probes were added to 50 ug of apoptotic lysate for one hour.
Samples were analyzed by SDS-PAGE as above.

Microscopy

RAW cells were seeded at a density of 100 000 cells in an eight-well coverslip chamber
(Lab-Tek). Twenty-four hours later, cells were treated with either a DMSO or 1 uM probe
for five hours. For the last 30 min, Lysotracker-green (100 nM) was added to the cells. Cells
were then washed three times with PBS, and phenol red-free complete medium was added.
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Cells were imaged live at 40x using a Zeiss Axiovert 200 M confocal microscope in both
Cy5 and FITC channels. For the competition experiment, cells were pretreated with LI-1 or
DMSO for one hour, followed by addition of 1 uM LE28 for 5 h, followed by epifluorescent
imaging with the same microscope.

Bone-Marrow-Derived Macrophages

Tibias and femurs were flushed with DMEM, and red blood cells were eliminated with
PharmLyse (BD). The remaining cells were plated in DMEM containing 10 ng/mL of M-
CSF for five days to promote macrophage differentiation. On the fifth day, cells were plated
in six-well dishes at a density of 1 x 106 cells/well. IL-4, IL-10, or both (10 ng/mL) were
added to the cells for the indicated number of days. Alternatively, macrophages were
cocultured at a one-to-one ratio for four days. At the end of the experiment, cells were either
labeled with 1 uM LE28 or lysed in citrate buffer, pH 4.5, and then labeled, followed by
SDS-PAGE analysis as above.

Western bBotting

Western blots were performed according to standard procedure. Sheep antimouse legumain
affinity purified polyclonal antibody was purchased from R&D Systems (AF2058) and used
at 1:1000 in 5% milk/PBS-T overnight at 4 °C. Donkey antisheep-HRP secondary was used
at 1:3000 for one hour at RT.

Immunoprecipitation

An amount of 100 pg of probe-labeled protein was diluted into 500 pL of RIPA buffer (PBS
[pH 7.4], 1 mM EDTA, 0.5% NP-40) along with 5 pL of sheep antimouse legumain
antibody. Samples were incubated on ice for 10 min followed by addition of 40 uL of slurry
of prewashed Protein A/G agarose beads (Santa Cruz). Samples were agitated overnight at 4
°C. The supernatant was removed and precipitated with acetone followed by freezing for
two hours, centrifugation at high speed, and resuspension in 1x sample buffer. The beads
were washed four times with RIPA buffer and once with 0.9% NaCl and then boiled in 2x
sample buffer. Input, pulldown, and supernatant samples were analyzed by SDS-PAGE as
above.

Assessing Legumain Activity in Healthy Mice

All animal experiments were performed according to specific guidelines approved by the
Stanford Administrative Panel on Laboratory Animal Care. Eight-week-old nude mice
(Charles Rivers) were injected with LE28 (20 nmol in 20% DMSO/PBS, ~2 mg/kg) by tail
vein. Mice were anesthetized with isofluorane and then imaged at the indicated time points
using an VIS 100 system. Tissues were removed and analyzed by SDS-PAGE as above.

Xenograft Tumor Model

Six-week-old, female nude mice were purchased from Charles Rivers. HCT-116 human
colorectal carcinoma cells (3 x 10% in 30 pL of 0.5% BSA/PBS, ATTC) were injected
subcutaneously on their backs and permitted to grow for eight days. The indicated probe was
injected at a dose of 20 nmol in 20% DMSO/PBS and imaged using the IVIS 100 system at
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the indicated time points. Tumors were then removed, imaged ex vivo using an FMT
system, and analyzed by SDS-PAGE as described above.

Syngeneic Experimental Lung Metastasis Model

Six-week-old Balb/c mice were purchased from Jackson Laboratories. One hundred
thousand 4T1 mouse mammary cancer cells expressing both GFP and luciferase were
injected by tail vein. Tumor growth was monitored using the VIS 100 system by
bioluminescence imaging 10 min after intraperitoneal injection of o-luciferin (150 mg/kg in
PBS). Once tumors were established, mice were injected with probes at a dose of 20 nmol in
20% DMSO/PBS. Six hours later, mice were injected with o-luciferin as above, and tissues
were imaged for both bioluminescence and fluorescence using the 1VIS 100 system. Lysates
were prepared from whole lungs for SDS-PAGE analysis as described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of a quenched probe binding to a cysteine protease. Thiol attack of the

acyloxymethyl ketone results in loss of the quenching group, leading to an increase in
fluorescence emission.
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Figure2.
(A) Fluorescent SDS-PAGE showing dose-dependent labeling of legumain by LE28 in

RAW cell macrophage extracts. (B) Immunoprecipitation of LE28-labeled RAW cell lysates
using a legumain-specific polyclonal antibody. (C) RAW cells were labeled at the indicated
dose of LE28 for one hour followed by lysis and fluorescent SDS-PAGE. (D) RAW cells
were incubated with 1 uM LE28 for the indicated time period followed by lysis and
fluorescent SDS-PAGE. (E) Microscopy images of RAW cells exposed to LE28 (red) for 0
or 5 h. Lysotracker (green) was used to reveal the location of lysosomes. (F) Microscopy of
RAW cells exposed to DMSO vehicle or 100 uM of the legumain inhibitor, LI-1 followed
by incubation with LE28. (G) SDS-PAGE analysis of RAW cells exposed to DMSO vehicle
or LI-1, followed by labeling with LE28.
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Figure 3.
Regulation of legumain activity. (A) Legumain activity in primary macrophages stimulated

with the indicated cytokine, followed by labeling of intact cells by LE28 and fluorescent
SDS-PAGE. (B) Antilegumain Western blot of samples in (A). (C) Time course of legumain
activation in primary macrophages exposed to IL-4/-10. Intact cells were labeled with LE28
followed by SDS-PAGE. (D) Antilegumain Western blot of samples in (C). (E) Legumain
activity in macrophages alone, in 4T1 tumor cells alone, or in coculture. The rightmost
column shows activity in tumor cells that were implanted subcutaneously in mice for one
week. For each group, lysates were prepared and labeled with LE28.
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Figure4.
In vivo imaging with LE28. (A) Clearance of the LE28 signal in normal mice imaged on an

IVIS 100 machine. (B) Fluorescent SDS-PAGE analysis of tissues removed from mice after
the indicated time and corresponding antilegumain Western blot. KD = kidney, LV = liver,
SP = spleen, IN = intestine, PN = pancreas, HT = heart, LG = lung, and BR = brain. (C)
Western blot analysis of total legumain expression in samples from (B) using a legumain-
specific polyclonal antibody. (D) Mice bearing HCT-116 xenograft tumors on their backs
were injected with LE28 and imaged over time using an 1VIS 100. (E) Tumors from three
mice were removed and imaged ex vivo, followed by fluorescent SDS-PAGE analysis.
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Figureb5.

Imaging legumain activity in a syngeneic tumor model. (A) Schematic of experimental
setup. (B) Lungs bearing increasing burden of 4T1 experimental metastases were imaged for
luciferase activity (bioluminescence) and legumain activity (LE28 fluorescence). (C) Whole
lung lysates from (B) were analyzed by fluorescent SDS-PAGE and Western blot using a
legumain-specific antobody. (D) Individual lung tumors from (B) were dissected as well as
solid tumors arising in other regions of the peritoneum and analyzed by fluorescent SDS-
PAGE and Western blot using a legumain-specific antobody.
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Scheme 1. Synthesis of LE28
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