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Matrix metalloproteinase-14 (MT1-MMP or MMP-14) is a membrane-associated protease implicated in
a variety of tissue remodeling processes and a molecular hallmark of select metastatic cancers. The
ability to detect MMP-14 in vivo would be useful in studying its role in pathologic processes and
may potentially serve as a guide for the development of targeted molecular therapies. Four MMP-14
specific probes containing a positively charged cell penetrating peptide (CPP) d-arginine octamer (r8)
linked with a MMP-14 peptide substrate and attenuating sequences with glutamate (8e, 4e) or gluta-
mate-glycine (4eg and 4egg) repeating units were modeled using an AMBER force field method. The
probe with 4egg attenuating sequence exhibited the highest CPP/attenuator interaction, predicting
minimized cellular uptake until cleaved. The in vitro MMP-14-mediated cleavage studies using the
human recombinant MMP-14 catalytic domain revealed an enhanced cleavage rate that directly corre-
lated with the linearity of the embedded peptide substrate sequence. Successful cleavage and uptake of
a technetium-99m labeled version of the optimal probe was demonstrated in MMP-14 transfected
human breast cancer cells. Two-fold reduction of cellular uptake was found in the presence of a broad
spectrum MMP inhibitor. The combination of computational chemistry, parallel synthesis and biochem-
ical screening, therefore, shows promise as a set of tools for developing new radiolabeled probes that
are sensitive to protease activity.

Published by Elsevier Ltd.
1. Introduction

Tumor cells employ a host of biochemical mechanisms in
order to invade and metastasize. Many of these mechanisms
are thought, in part, to involve proteases associated with cell
membrane and extracellular matrix (ECM) molecules that are
posited to initiate pro-angiogenic signaling cascades. Among
cancer-associated proteases, matrix metalloproteases (MMPs), a
class of zinc-dependent proteolytic enzymes, have been postu-
lated to be used by cancer cells to dissolve ECM during neoplas-
tic progression.1 In addition, numerous studies have documented
a positive correlation between certain MMP expression levels
and poor outcome in cancer patients.2 The importance of MMPs
in tumor progression not only has guided the development of
Ltd.

: +1 415 353 9423.
Jones).
MMP inhibitors for therapy, it has also received particular atten-
tion as imaging target utilizing methods to detect tumor-associ-
ated proteolytic activity in vivo.3–7

The family of human MMPs contains 16 secreted and 7 mem-
brane-tethered enzymes.8 A subclass of the membrane-anchored
proteinases, termed membrane type (MT) MMPs, plays dominant
roles in controlling cancer cell behavior.9,10 In particular, the up-
regulation of the membrane-associated collagenase MMP-14
(MT1-MMP) correlates to the invasiveness of many different tu-
mor types.2 MMP-14 not only promotes tumor growth through
induction of angiogenesis and proteolysis of ECM, but it also acts
as a critical regulatory switch in the activation of MMP-2 proen-
zyme.11 Clinical studies revealed that the expression of MMP-14
is associated with poor prognosis in patients with advanced neu-
roblastoma,12 small cell lung cancer (SCLC),13 tongue squamous
cell carcinoma,14 head and neck carcinoma,15 bladder, and ovar-
ian cancer.16,17 MMP-14 has been detected in tumor cells and
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adjacent stromal cells in a variety of human tumors including
breast.9 Consequently, MMP-14 overexpression holds great
promise as an early biomarker for invasive cancers.

In the past, several in vivo optical imaging probes targeting var-
ious MMPs have been reported; the most successful of these efforts
have been directed against MMP-2, -7, and -9.18–23 Attempts to im-
age MMP activities by non-optical modalities (e.g., positron emis-
sion tomography (PET) or single photon emission computed
tomography (SPECT)) using labeled substrates or inhibitors, how-
ever, have met with limited success in vivo, in part due to the poor
specificity and in vivo stability of the radiolabeled probes.24–31 Our
motivation, therefore, was to develop a sensitive nuclear probe for
MMP-14 activities for early cancer detection. The success of such a
probe would represent a significant advancement in preclinical
and clinical imaging as it would be a tool able to locate and track
the molecular evolution of malignant tissues for use in drug
development.

A number of protease imaging strategies have been described
previously. One particular class of probes comprising an ‘activat-
able’ delivery mechanism has been developed by a number of re-
search groups.21,23,32 These probes share a core structure
consisting of a poly-D-arginine cell penetrating peptide (CPP) that
is covalently tethered to a negatively charged attenuating peptide
sequence through a proteolysis sensitive peptide (Fig. 1). The intact
probe is believed to be prohibited from crossing the cell membrane
due to the electrostatic interaction between the positively charged
arginine and the tethered intramolecular negatively charged atten-
uator (I), but other mechanisms may also contribute. However,
proteolytic cleavage (II) separates the polyarginine sequence from
the negatively charged domain, thereby triggering uptake of the
CPP (III). Protease-rich tissues may be imaged by tagging an imag-
ing reporter group, such as a fluorophore, gadolinium chelate or
radionuclide, to the CPP.32 As a result, the number of protease
cleavage events may be correlated to the CPP concentration, and
its associated tag, within targeted cells. Using agents directed
against MMP-2/9 and -7, Rao and co-workers have selectively
tagged cultured fibrosarcoma cells (HT-1080) with quantum
dots,23 while Tsien and co-workers successfully imaged cancers
rich in MMP-2 and -9 in murine xenografts, using optical and mag-
netic resonance techniques.21

This general strategy is attractive because the catalytic process-
ing of more than one probe by each enzyme provides a robust
Figure 1. Outline of the probe structure and mechanism. The quenched probe (I) is
able to freely circulate in vivo, until it encounters its protease target. Cleavage of the
probe at a defined point by MMP-14 (II) releases a cell penetrating peptide, which
can then translocate its radionuclide cargo across the target cell membrane (III).
After uncleaved quenched probe is washed away, the internalized radioactivity can
be imaged by SPECT.
mechanism for signal amplification. For the purpose of MMP-14
imaging, this is a particularly important point if one seeks to detect
protease activity prior to the maturation of secondary downstream
proteases, for example, MMP-2 and -9.

The development of an ‘activatable’ SPECT imaging probe spe-
cific for MMP-14 is reported herein. The probe design was under-
taken realizing that attaching a large metal chelate for nuclear
imaging may alter the topology of the MMP-14 selective peptide
sequence and adversely affect the cleavage rate as well as attenu-
ation characteristics of the basic probe platform. Therefore the
combination of molecular modeling, parallel synthesis and bioas-
say screens were effectively utilized to optimize the imaging probe
construct for MMP-14 activities. This work sheds new light on the
intramolecular quenching and activation mechanisms of this class
of imaging peptides, and demonstrates the value of computational
chemistry relative to imaging probe development.

2. Results and discussion

2.1. MMP-14 probe design and modular components

The general MMP-14 probe, shown in Figure 2, is a modular de-
sign comprised of three components: (A) a positively charged d-
arginine octamer (r8) cell penetrating peptide (CPP) attached with
single amino acid chelate (SAAC) for technetium-99m; (B) a MMP-
14 specific cleavable substrate (SGRIGF;LRTA) and (C) a negatively
charged attenuation sequence. The seminal component for design-
ing an effective MMP-14 probe was a suitable cleavable peptide
substrate. A known MMP-14 substrate (SGRIGF;LRTA) was incor-
porated into our constructs to maximize the selectivity of the
probe for MMP-14-rich tissues. This sequence was originally de-
scribed by Smith and co-workers, who employed phage display
technology to map the substrate specificity of matrix metallopro-
teinases.33 In an enzyme panel study, this peptide sequence is
preferentially cleaved by MMP-14 with a kcat/Km value of
777,200 M�1/s, while the cleavage by the related MMP-9 is much
less efficient, with a kcat/Km of 20,000 M�1/s.

Although poly-D-arginine sequences with chain lengths of 7–14
residues have been widely employed as cell membrane penetrating
transporters34 in probe constructs, there has been little consensus
over the degree of attenuation necessary for effective proteolytic
cleavage and reducing cell penetration. In designing the MMP-14
probe, the attenuation module was optimized considering: (1)
the number of negatively charged residues for effective attenua-
tion; (2) the structural impact on the cleavable peptide sequence
Figure 2. The general modular design of the MMP-14 probe comprising: (A)
positively charged arginine octamer (r8) cell penetrating peptide with the single
amino acid chelate (SAAC) coordinated with a radionuclide; (B) MMP-14 peptide
substrate (SGRIGF;LRTA) and (C) variation of D-glutamate attenuation sequences
(4e, 4eg 4egg and 8e).
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and (3) the ability to release the cleaved probe for cellular uptake.
Attenuation of D-arginine octamer (r8) CPP was favorably achieved
by inserting the optimal number of D-glutamate residues in the
attenuation domain, such that the cleavable peptide sequence
was present in a roughly linear conformation and available for
docking to the MMP-14 enzyme. A small panel of attenuation se-
quences, including four D-glutamates (4e), four D-glutamate-gly-
cine repeats (4eg), four D-glutamate-glycine-glycine repeats
(4egg) and eight contiguous D-glutamates (8e), were evaluated
using computer modeling. The D version of the amino acid residues
were chosen to prevent non-specific in vivo proteolysis. Based on
prior experience, the choice of four D-glutamates appropriately
spaced in three of the four attenuator sequences adequately atten-
uates the r8 peptide.32

Finally, in order to conduct radionuclide imaging by SPECT, it is
necessary to selectively label the peptide probe with a suitable iso-
tope. To this end, the single amino acid chelate (SAAC) technology,
previously developed by Stephenson et al.,35,36 has been utilized.
The SAAC is a Ne-bis(pyridylmethyl)-lysine derivative that may
be site-selectively incorporated into synthetic peptides using stan-
dard Fmoc chemistry. The resulting compounds carry an N-3 che-
lator that form stable tricarbonyl complexes with technetium and
rhenium. Technetium-99m, a gamma ray emitter, has emissions of
sufficient energy (140 keV) to penetrate the human body, but not
too energetic to pass through the SPECT detector material. It is con-
sidered to be a near-ideal isotope for SPECT imaging, in part due to
its short half-life (6 h), its gamma emission energy and its avail-
ability from a commercial generator system. Based on these char-
acteristics, technetium-99m has been chosen in the current probe
design to visualize cell penetration upon proteolysis.

2.2. Computational chemistry

Holding the CPP and MMP-14 peptide regions constant and
using the cysteine–cysteine disulfide bond as a linker between
modules, the overall structure with four different attenuation se-
quences containing D-glutamate residues (4e, 4eg , 4egg and 8e)
was computed. The extent of charge-complementation was calcu-
lated between the CPP and the attenuation sequence by examining
the number of arginine residues that were in contact with the glu-
tamate residues. The average end-to-end backbone length of the
cleaved substrate was measured to quantify the extent of exposed
substrate, in an available extended conformation, for effective
Figure 3. Structures of MMP-14 probes determined from computer simulations
using the zipping and assembly method. In each structure, the backbone is shown
in a cartoon representation, colored as follows: blue = CCP, green = MMP-14 specific
substrate region, and red = attenuating domain. Both the Single Amino Acid Chelate
(SAAC) residue and the cysteine–cysteine linker unit are shown in bond
representation.
enzyme pocket binding for subsequent cleavage by the MMP-14.
Based on these calculations, the dominant conformation for each
probe, shown in Figure 3, was determined.

These dominant structures reveal that the 4e probe has mini-
mum interaction between the CPP (blue) and the attenuation se-
quence (red). Structural calculations confirm the overlap finding
(Fig. 4A) with the 4e probe possessing the least CPP-attenuator
complementation at an average of 4.3 ± 1.5 arginine residues in
contact with D-glutamate while contact in the other three probes
range from 5.2 ± 1.6 to 6.4 ± 1.2 residues. Here, the standard devi-
ation reported does not indicate the standard error in the mea-
surement. Instead, it corresponds to the root mean square
fluctuation of the measurement within the computed peptide
conformational ensemble, that is due to the natural conforma-
tional fluctuations experienced by the peptide at ambient condi-
tions. These data suggest that the 4e motif may not be as
effective in attenuating the translocation of the CPP prior to pro-
teolytic cleavage. As the overall probe structure was examined,
Figure 4. Calculated structural metrics for the four peptides and side-by-side
comparison to experimental cleavage data. (A) The computed average (over the
structural ensemble) number of arginine residues in the CPP that are in contact with
at least one glutamate residue in the attenuating region. (B) The computed average
end-to-end distance (Å) of the MMP-14 substrate region; larger values indicate that
the substrate is closer to a linear conformation. The error bars show the average
fluctuations over the conformational ensemble. (C) Parallel cleavage studies; half-
life (t1/2, in min) of each probe measured in the presence of MMP-14 by HPLC peak
integrations at an absorbance of 220 nm.
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the CPP-attenuator complementation was also found to influence
the conformation of the MMP-14 substrate region, potentially
altering the accessibility for proteolytic cleavage. As the end-to-
end distance of the MMP-14 substrate is a direct measure of
peptide folding, it also indirectly predicts the availability of the
peptide substrate for cleavage. The calculations show (Fig. 4B)
that the 4egg probe best adapts the b-strand conformation33

required for rapid MMP-14 cleavage, exhibiting the longest end-
to-end distance of 21.62 ± 4.3 Å. The 4e (16.9 ± 2.9 Å) and 4eg
(17.1 ± 4.3 Å) sequences show a similar degree of folding, whereas
the 8e probe is the most distorted from linearity (15.0 ± 2.9 Å).
This modeling study predicts that the 4egg probe has adequate
CPP attenuation in the absence of MMP-14 and allows a b-strand
type conformation for the substrate portion of the probe to bind
and interact with the MMP-14 catalytic domain.

2.3. Parallel probe synthesis

A modular approach to the panel design was adapted to accel-
erate the synthesis of the peptide probes. Each probe was retro-
synthetically divided into two fragments of comparable size. One
peptide fragment common to all of the probes contains the CPP
and the SAAC with an additional cysteine and glycine appended
to the N-terminus. Four variable fragments, containing the
SGRIGF;LRTA sequence and the attenuators, were also appended
with glycine and cysteine at the C-terminus. This allowed all five
fragments (1 conserved, 4 specific to each probe) to be synthesized
in parallel and to be subsequently assembled into the probe con-
struct (Fig. 2) through simple disulfide chemistry.

Typical synthesis of the various probes yielded the desired
constructs along with two homo-dimers. The isolated probes
were characterized by analytical HPLC, MALDI-MS and 1H NMR.
As expected, the desired MMP-14 probes exhibited retention
times between the homo-dimer peaks. MALDI-MS analysis
showed the expected molecular ion peak along with the charac-
teristic fragmentation pattern produced by homolytic cleavage
of the disulfide bond and loss of pyridylmethylene radicals from
the SAAC (Fig. 5).
Figure 5. A sample MALDI-MS of the 4egg probe. The presence of the molecular ion
peak (3972 amu, [MH]+), peptide fragments corresponding to disulfide scission
(2191 and 1777 amu), and a fragment corresponding to loss of a pyridylmethylene
radical from the SAAC-containing parent peptide (1685 amu = 1777–92).
2.4. Proteolytic cleavage study with purified MMP-14 enzyme

A sample of each probe was subjected to enzymatic digestion by
MMP-14, followed by HPLC analysis. As expected, each probe gen-
erated two clear cleavage products upon proteolysis, indicating
that the cleavage event was largely restricted to a single cleavage
site. The cleavage rate was characterized by the probe half-lives
and initial cleavage velocities based on the first-order kinetics. Sig-
nificant differences in cleavage rates between the probes were ob-
served. As shown in Figure 4C, the increasing cleavage rate rank
order was 8e < 4e � 4eg < 4egg. Regression analyses confirm that
all eight data sets are strongly linear, with r2 values ranging from
0.90 to 0.99. These data correlate well with the end-to-end dis-
tance measures derived from the molecular modeling studies
where the 8e probe MMP-14 substrate was most distorted from
linearity, the 4e and 4eg probes were similar length yet longer than
the 8e probe, while the 4egg probe possessed the longest end-to-
end distance.

As previously suggested by Smith and co-workers,33 the
SGRIGF;LRTA cleavage sequence is believed to possess the b-
strand conformation for efficient binding to MMP-14 and to
facilitate the subsequent catalytic reaction. In the present study,
protein structure related to the interaction of the attenuator
with the CPP changes the embedded MMP-14 substrate confor-
mation directly affecting the cleavage rate. The molecular model-
ing of this small library of structures efficiently predicts the
cleavage rate as a function of substrate linearity. Thus, the atten-
uation sequence may be chosen for effective attenuation of the
CPP and presentation of an optimized structural conformation
for rapid enzymatic cleavage.

2.5. Radiochemistry with 99mTc

The carboxylate terminal of the r8 CPP was linked to a single
amino acid chelate (SAAC) through a peptide bond. Based on our
results in molecular modeling and MMP-14 cleavage study, the
optimal probe, 4egg, was chosen to demonstrate labeling effi-
ciency. The 4egg probe was successfully labeled with techne-
tium-99m through the [99mTc(CO)3(OH2)3]+ intermediate. The
final 99mTc- labeled probe was isolated by HPLC with 97% radiopu-
rity and a radiochemical yield greater than 90%.

The SAAC technology, developed by Zubieta and colleagues, has
shown great promise in small molecule radiopharmaceutical appli-
cations.35,37,38 The SAAC, a lysine based residue with a built-in che-
lating system for binding rhenium or technetium tricarbonyl, was
chosen over direct peptide labeling techniques to avoid non-spe-
cific binding of the label on the backbone structure. The SAAC also
allows labeling of the molecule as the final step. Labeling an inter-
mediate that is subsequently reacted with the final molecule may
reduce yield, while bulky chelating molecules or bifunctional che-
lates used in direct labeling may significantly effect biodistribution
of the labeled compound.39 For instance, Polyakov and colleagues
have synthesized a Tat CPP incorporating a peptide-based motif
(epsilon-KGC) that provides an N3S donor core for chelating tech-
netium and rhenium. They have successfully demonstrated its up-
take in Jurkat cells after labeling with oxotechnetium(V) or
oxorhenium(V).40 Although this approach offers labeling specific-
ity, each donor core requires three additional residues. The current
probe design and prototype, on the other hand, utilizes a single res-
idue for each technetium or rhenium tag. In addition, this strategy
for radiolabeling provides control over the isotope delivery system
thereby permitting the MMP-14 probe to be labeled with techne-
tium-99m (a pure gamma emitter) or rhenium-186 (a beta and
gamma emitter) that will not only allow early detection of inva-
sive cancer, but it will also provide a common platform for
radiotherapy.
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2.6. In vitro uptake of the 99mTc labeled probe

Human epithelial breast cancer (MDA-MB-231) cells transfec-
ted with MMP-14 cDNA to overexpress MMP-1441 were used to
evaluate the in vitro uptake of the labeled 4egg probe. The effect
of probe activation through cleavage by MMP-14 at cell surface
was determined by treatment of the transfected MDA-MB-231
cells with and without the potent broad-based MMP inhibitor,
GM1489. Free 99mTc-tricarbonyl complex was compared as a null
control. All cell studies were carried out in triplicate. After the
treatment with the labeled 4egg probe, the adhesive cells were
carefully washed with DMEM, before being released from the plate
with trypsin. The probe content within each media and cell frac-
tion was then quantified by a gamma counter (Wizard 3, Perkin–
Elmer, CT). Each data point represents the fraction of the probe up-
take by cells quantified by gamma count before and after incuba-
tion and washings of cells (approximately 105 cells per well). As
shown in Figure 6, there is a clear difference in the cellular uptake
of probe in the presence and absence of the MMP inhibitor. There
was little or no uptake of the free [Tc(CO)3]+ by the cells. Despite
the larger variation in cells without inhibitor (may due to cell han-
dling), the average uptake of the 4egg probe was two times greater
in cells without inhibitor compared to those with inhibitor. This
demonstrates the successful cleavage and increased uptake of the
activated probe into MMP-14 expressing cells. The residual 10–
15% uptake in cells treated with MMP inhibitor indicates that there
may be incomplete inhibition of MMP-14 activity by the inhibitor,
or a basal level of probe leakage attributable to incomplete atten-
uation of the CPP. The negative results from [99mTc(CO)3]+ suggests
that (a) there is no non-specific uptake of free [99mTc(CO)3]+ and (b)
the positive uptake of the probe is the result of the cleaved probe
rather than leakage of free [99mTc(CO)3 ]+ into the transfected cells.
Attempts have been made to use MDA-MB-231 cells without
MMP-14 transfection as a negative control. However, uptake of
the 4egg probe was also observed. This may due to cleavage reac-
tions by combination of other MMPs at basal level.33 Nevertheless,
the reduction in uptake by transfected cells in the presence of
inhibitor suggests that the 4egg probe possesses MMP-14 specific-
ity, and it warrants further efforts in probe development.

3. Conclusion

The unique application of molecular modeling in optimization
of the MMP-14 probe construct has been demonstrated. Modeling
calculations were able to provide useful information on the atten-
uation properties of four different sequences against the r8 CPP and
Figure 6. In vitro uptake of the 4egg probe in MMP-14 expressing MDA-MB-231
cells with and without metalloproteinase inhibitor. [Tc(CO)3]+ was used as a
negative control.
the length of the MMP substrate that is directly related to cleavage
rate. Both of attenuation and cleavage must be maximized in the
optimal probe. Although three out of four probes studied exhibited
good CPP attenuation, the CPP/attenuator interaction contributed
to structural modifications of the MMP-14 substrate altering the
cleavage rate. The probe with the longest end-to-end substrate
length, 4egg, exhibited the fastest cleavage rate. Evaluation of the
4egg probe in cells expressing MMP-14 demonstrated the specific
activation of the probe and subsequent accumulation of the label
in the cell. The value of computational modeling to imaging probe
design has been demonstrated and this methodology will be incor-
porated into future tumor imaging probe platform development.

4. Experimental

4.1. Molecular modeling

Computer simulations were used to predict the solution struc-
tures of the peptide probes employing the AMBER96 force field42

with the implicit solvation model of Onufriev, Bashford, and
Case.43 This force field was validated in a separate study and
shown to give accurate structures for peptides with both alpha
and beta motifs.44 For the non-canonical chelate residue, the pro-
gram ‘antechamber’ in the AMBER package was used to determine
atomic charges and estimate force field constants. The SAAC che-
late was included in the molecule without the radiometal for the
simulations.

Sampling was performed using the zipping and assembly (Z&A)
methodology developed by the Dill research group.45 Z&A works
by sampling peptides and proteins according to a putative folding
mechanism:46 peptide pieces along the chain independently first
form small bits of structure, which then either nucleate additional
structure locally by reeling in nearby sections of chain (zipping), or
join together with other such structured peptide pieces to form lar-
ger units (assembly). This mechanism is implemented in simula-
tion by first breaking a peptide into small fragments, which are
simulated separately, and then by growing these fragments by
the addition of new residues and other fragments, followed in each
case by further simulation. Sampling at each stage is performed
using replica exchange molecular dynamics.47

For each of the probe candidates, the overall chain was broken
into the three fragments corresponding to the attenuator, sub-
strate, and translocation domains. These were simulated sepa-
rately in replica exchange for 10 ns, and conformations from each
fragment from the final 1 ns were clustered into a maximum of
10 structures using a modified k-means algorithm. Subsequently,
clustered conformations from the substrate and translocation do-
mains were combined (in all permutations), and used in a second
10 ns replica exchange simulation, followed by additional cluster-
ing. Next, the attenuating domain structures were added, followed
by 10 ns of sampling, and finally, the terminal chelate residue was
added, with 30 ns of replica exchange as the last sampling step. The
clustered conformations from the last 5 ns of the 30 ns run (along
with their populations) were taken as the final conformational
ensemble. In total, each peptide required about 300 aggregate
CPU days worth of simulation time on Xeon 2.4 GHz processors.

4.2. MMP-14 probe synthesis

Uronium coupling agents (2-(1H-9-azabenzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate or tetrafluoro-
borate; ‘HATU’ and ‘TBTU’) and Fmoc-protected amino acids were
purchased from Novabiochem, Inc. The Na-Fmoc-Ne-bis(pyridyl-
methyl)-lysine was received from Molecular Insight Pharmaceuti-
cals, Inc. or synthesized as previously described.42 Solvents,
including dichloromethane and dimethylformamide, were pur-
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chased from VWR Scientific. All other reagents were obtained from
Sigma–Aldrich Chemical Company, and used without further
purification.

Peptide intermediates were synthesized on a Protein Technolo-
gies, Inc. Prelude peptide synthesizer according to standard Fmoc
chemistry protocols. In some cases, Fmoc deproptections were ef-
fected using 6% piperazine in dimethylformamide,48 as opposed to
the more traditional 20% piperidine in DMF. All sequences were
cleaved from the resin and deprotected using 92:3:3:1:1 trifluoro-
acetic acid/triisoproylsilane/water/thioanisole/1-naphthol for 2 h.
Crude peptides were obtained by triturating the cleavage solution
with ice-cold ether, followed by centrifugation. All peptide starting
materials were purified by semi-preparative, reverse-phase HPLC
(Jupiter C12 column from Phenomenex; water-acetonitrile gradi-
ent, 95% water to 5% water; 0.1% trifluoroacetic acid added to the
mobile phase to maintain a pH �2.)

The completed probes were assembled as heterodimeric disul-
fides. Cysteine oxidation was conducted using the following gen-
eral procedure: Ac-CGrrrrrrrr(SAAC)-CONH2 (�1.8 mg.; 1 lmol)
and a suitable attenuator-MMP-14 substrate peptide (�3 to
4 mg., according to the mass of the attenuator sequence; 1 lmol)
were dissolved in 0.75 mL of 5:3:2 water/0.2 M borate buffer, pH
8/methanol. The peptides were pre-reduced by addition of 50 lL
of 1 mg/mL tris-(2-carboxyethyl)phosphine hydrochloride, dis-
solved in the same reaction buffer. After 15 min, the pH was
checked to ensure the reaction mixture remained above 8; then,
100 lL of DMSO was added with swirling, followed 5 min later
by 5 mg. of potassium hexacyanoferrate (III). The resulting yellow
solution was covered with foil, and allowed to stand overnight. Fol-
lowing acidification with 50 lL of acetic acid, the reaction mixture
was diluted to ca. 1 mL with deionized water, and purified by semi-
preparative HPLC (Jupiter C12 column from Phenomenex; water–
acetonitrile gradient, 95% water to 5% water; 0.1% trifluoroacetic
acid added to the mobile phase to maintain a pH �2.) Typically,
three major peaks were observed at 220 nm (two peaks at
260 nm), corresponding to the desired heterodimer and homodi-
merized reactants. The reactant homodimers could be recovered
and reductively recycled for use in future reactions.

4.3. MMP-14 cleavage kinetics

Approximately equimolar samples of each unlabeled probe
were prepared in MMP-14 hydrolysis buffer (50 mM Tris–HCl, pH
7.5, 150 mM NaCl, 5 mM CaCl2, 0.025% Brij-35)49 as verified by
HPLC analysis and peak integration at 260 nm. Each of these pep-
tide stock solutions (0.8 mL) was transferred to a separate micro-
centrifuge tube, and equilibrated at 37 �C for 30 min.
Recombinant MMP-14 catalytic domain was obtained from Calbio-
chem, at a concentration of 200 lg/mL. This solution was diluted
by half with assay buffer, and 4 lL of the resulting solution was
transferred to each probe solution. Aliquots of each solution
(25 lL) were removed at time points of 0, 2.5, 5, 7.5, 10, 20, 40,
80, and 120 min, and rapidly transferred to an HPLC vial insert con-
taining 50 lL of ice-cold quenching reagent (0.1 M EDTA/2 Na+ in
1% HOAc, pH 3). The quenched samples were then analyzed by
RP-HPLC (Jupiter C12 analytical column (Phenomenex), flow rate
1.1 mL/min 0–5 min, 95% water, 5% acetonitrile, 0.1% TFA; 5–
35 min, ramp to 50% water, 50% acetonitrile, 0.1% TFA; then, re-
equilibration at 95% water).

Probe half-lives and initial cleavage velocities were extracted
from the analytical HPLC data, assuming enzyme saturation and
first-order probe cleavage kinetics early in the reaction time
course. For the 4e, 4eg, and 4egg probes, linear curves were con-
structed by plotting the natural log of the intact probe peak area
against time. For these probes, saturation conditions were assumed
to persist until the 20 min time point. The 8e probe data was ana-
lyzed in a similar fashion, and included the 40 min time point in
the analysis. Calculations were conducted twice for each probe,
using HPLC data obtained at either 220 or 260 nm. The slope of
each linear equation was taken as a measure of initial cleavage
velocity. Probe half-lives were estimated by dividing the measured
probe peak areas at t = 0 in half, and substituting the resulting val-
ues into each regression equation to solve for t.

4.4. 99mTc radiochemistry

Radiolabeling of the probes with 99mTc was carried out using an
IsoLink tricarbonyl labeling kit (Covidien Inc., MO), via a modified
procedure. Briefly, a solution of [99mTcO4]� (1 mL) from a commer-
cial generator (20–100 mCi) was added to a sealed vial containing
sodium boranocarbonate (4.5 mg), sodium tetraborate dodecahy-
drate (2.85 mg), sodium tartrate dehydrate (8.5 mg) and sodium
carbonate (7.15 mg). The reaction mixture was warmed in a boiling
water bath for 20 min to form an intermediate complex of
[99mTc(CO)3(OH2)3]+. The pH was adjusted to 6–6.5 using 1 M
HCl. This stock solution (200 lL) was then reacted with the unla-
beled probe (25–50 nmol dissolved in 100 lL of methanol) at
75 �C for 15–30 min. The final 99mTc- labeled probe was isolated
by HPLC at high purity (90% radiological yield).

4.5. In vitro cell studies

Human epithelial breast cancer (MDA-MB-231) cells transfec-
ted with MMP-14 cDNA to overexpress MMP-14 were cultured
and characterized using published methods.41 They were distrib-
uted into six-well plates (100,000 cells per well). The plates were
incubated overnight. The MMP-14 inhibitor buffer was prepared
by dissolving EDTA-disodium salt and GM 1469 metalloprotease
inhibitor in DMEM media, to concentrations of 1.0 mM and
0.2 mM, respectively. Aliquots of inhibitor solution (100 lL) were
added to three of the wells; the remaining wells received 100 lL
aliquots of blank DMEM media. All wells were then incubated for
20 min. Six wells (three treated with inhibitor, three untreated)
were spiked with 33 lL (16.5 lL) of 99mTc radiolabeled probe in
PBS. The remaining three wells received 33 lL (16.5 lL) of free
99mTc tricarbonyl complex in PBS as a negative control. Following
20 min. of incubation time, the medium was removed from each
plate, and adhesive cells were washed with an additional 1 mL of
DMEM. All media washes were collected in separate microcentri-
fuge tubes. The adhesive cells were then collected by washing each
plate three times with trypsin solution (1 mL per plate; 2 � 2 min,
1 � 30 min), and once with methanol (1 mL per plate; 2 min). Each
wash was again collected in a separate microcentrifuge tube. The
99mTc content of every collected fraction was then quantified by
gamma counter.
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