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Mass spectroscopy, microsequencing, and site-directed
mutagenesis studies have been performed to identify in human
matrix metalloelastase (hMMP-12) residues covalently modi-
fied by a photoaffinity probe, previously shown to be able to
covalently label specifically the active site of matrixmetallopro-
teinases (MMPs). Results obtained led us to conclude that pho-
toactivation of this probe in complex with hMMP-12 affects a
single residue in human MMP-12, Lys241, through covalent
modification of its side chain � NH2 group. Because x-ray and
NMR studies of hMMP-12 indicate that Lys241 side chain is
highly flexible, our data reveal the existence of particular Lys241
side-chain conformation in which the � NH2 group points
toward the photolabile group of the probe, an event explaining
the high levels of cross-linking yield between hMMP-12 and the
probe. Lys241 is not conserved in MMPs, thus differences in
cross-linking yields observed with this probe between MMP
members may be linked to the residue variability observed at
position 241 in this family.

Matrix metalloproteases (MMPs)2 belong to a family of
structurally related extracellular/cell surface-anchored zinc
endoproteinases able to collectively cleave the protein compo-
nent of the extracellular matrix (1, 2). MMPs are considered to
be critical mediators of both normal and pathological tissue
remodeling processes (3).MMPs form a group of 23 proteins in
humans containing a catalytic domain belonging to the metz-
incin superfamily (4–8). Their overexpression observed in and
associated with various diseases (9), including cancer, arthritis,
atherosclerosis, and multiple sclerosis, has stimulated impres-

sive effort over the past 20 years to develop synthetic inhibitors
able to block potently the uncontrolled activity of these poten-
tial therapeutic targets (10, 11). Extremely potent inhibitors of
MMPs have been developed, but with the exception of MMP-2
(12), MMP-13 (13, 14), and MMP-12 (15), most of these inhib-
itors act as broad-spectrum inhibitors of MMPs. Clinical trials
based on the use of these broad-spectrum inhibitors in patients
with advanced cancers have failed to reach their end points,
with severe side effects observed (16). Some reasons for this
failure, as discussed in recent studies, suggest that some MMP
members promote tumor progression, but others provide a
protective effect in different stages of cancer progression (17).
This highlights the need to use in clinical setting highly selective
inhibitors able to target only the MMPs responsible for tumor
progression (18–21). Similar trends have been observed in ath-
erosclerosis, in which some MMP members have opposite
effects on plaque stability. In this pathology, MMP-12 has been
reported to promote both lesion and plaque extension (22),
justifying our current efforts in developing selective MMP-12
inhibitors (15). To further progress on our understanding of the
complex roles played byMMPs, probes able to detect and iden-
tifywhichMMPs are expressed under active forms in a complex
biological environment have recently been developed (23–26).
To be informative, such activity-based probes (ABPs) should
covalently and exclusively modify the free form of the protease
active site, but not the pro-form or the active form in complex
with natural TIMP inhibitors. ABPs for serine and cysteine pro-
teinases have been successfully developed by exploiting the
presence of highly conserved nucleophiles in the active site of
these enzymes and selecting appropriate reactive groups to
provide covalent modification of the targeted enzymes (27, 28).
For zinc metalloproteinases, like MMPs, the lack of conserved
active-site nucleophiles requires the use of photolabile groups
to covalently label the enzyme active site (23–26). Following
this strategy, we recently developed a selectiveMMPprobe that
consists of a phosphinic peptide core able to block potently and
selectively a large set of MMPs, to which an azido photolabile
group has been grafted onto the inhibitor P1� side chain (probe
1, Scheme 1) (26).
The choice of the photolabile group and position of its incor-

poration in the inhibitor structure were based on the x-ray
structure of phosphinic peptide inhibitor in complex with
MMP-9 (29). Based on these structural considerations, the
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azido group of probe 1 is expected to enter into the deep S1�
cavity of MMPs, in a position that should favor covalent mod-
ification of residues lining this cavity.While probe 1was shown
to covalently modify only the active site of MMPs, high varia-
tion in cross-linking yield was observed between different
MMPs (26). Indeed, the covalent modification of hMMP-12 by
probe 1 resulted in a cross-linking yield of �45%, whereas this
yield decreased to a few percents for humanMMP-8. To under-
stand themolecular determinant of this difference and improve
the design of better ABPs that covalently modified all MMPs
with high cross-linking yields, the identification of the
hMMP-12 residues covalently modify by probe 1 has been car-
ried out.

EXPERIMENTAL PROCEDURES

Chemicals—Commercial reagents were used without addi-
tional purification. Buffers and salts were purchased from
Sigma. Synthesis and tritium radiolabeling of probe 1were car-
ried out as previously reported (26). Mca-Pro-Leu-Gly-Leu-
Dpa-Ala-Arg-NH2 (Mca-Mat) was purchased from Novabio-
chem and TIMP-1 inhibitor from R&D Systems.
Proteins—Synthetic gene encoding the catalytic domain of

the MMP-12 (Met98–Lys266) was obtained from Geneart
(Geneart-AG, Germany). This gene was inserted into the
pET24a vector, between the NdeI and BamHI site, for expres-
sion under the PT7 promoter. A Lys 3 Ala mutant was pro-
duced from 5�-ccgtaatgttccccacctacGCatatgttgacatcaacaca-3�
and 5�-tgtgttgatgtcaacatatGCGtaggtggggaacattacgg-3� oligo-
nucleotides, using the Site-Directed Mutagenesis Kit (Strat-
agene). All plasmids were propagated in the Escherichia coli
strain XL1-Blue at 37 °C, and all constructions were verified by
DNA sequencing using the ABI PRISM 310 Genetic analyzer
(Applied Biosystems). Recombinant proteins were expressed in
E. coli BL21(DE3 star) cells carrying the MMP-12 catalytic
domain-encoding plasmids. Bacteria were grown at 37 °C in LB
medium supplemented with kanamycin (50 �g/ml). At an
absorbance (600 nm) of 0.6, protein expression was induced
with 0.5 mM isopropyl-�-thiogalactopyranoside. Five hours

after induction, cells were harvested by centrifugation at
5000 � g for 30 min at 4 °C. The pellets were resuspended in
bufferA (100mMTris-HCl, pH8.5, 5mMbenzamidinochloride,
5 mM 2-mercaptoethanol) and incubated with lysozyme for 1 h
at 4 °C. The suspension was then passed through a cell disrup-
tion system at 4 °C (Constant Systems Ltd., Daventry
Northants, England) and was then centrifuged at 4 °C for 30
min (8000� g). The pelletswerewashed three timeswith buffer
B (100 mM Tris-HCl, pH 8.5, 2 M urea, 5 mM 2-mercaptoetha-
nol) and dissolved in buffer C (100 mM Tris-HCl, pH 8.5, 8 M
urea). Refolding and purification steps were carried out as pre-
viously described (30). Refolded proteins were analyzed by
SDS-PAGE and found to migrate as a single band. Protein
molecular weights were determined by electrospray ionization-
mass spectrometry and the presence of the Lys3Alamutation
was verified by matrix-assisted laser desorption ionization
time-of-flight, after tryptic digestion.
Enzyme Assays—Enzyme assays and inhibition and titration

experiments were carried out in 50mMTris/HCl buffer, pH 6.8,
10 mM CaCl2, at 25 °C, in flat-bottomed 96-well nonbinding
surface plates (Corning-Costar, Schiphol-RijK, The Nether-
lands), using the Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2
(Mca-Mat) substrate, as described before (15). Fluorescence
signals were monitored using a Fluoroscan Ascent photon
counter spectrophotometer (Thermo-Labsystems) equipped
with a temperature control device and a plate shaker. Titration
experiments using a calibrated TIMP-1 solution were per-
formed to determine the exact enzyme concentration for each
MMP batch: for these experiments, MMP concentrations were
set at �20 nM. Values for kcat/Km were determined from first-
order full-time course reaction curves obtained at [S] �� Km
([S] � 0.5 mM) and 5 nM final enzyme concentration. These
progress curves were monitored by following the increase in
fluorescence at 400 nm (�ex � 340 nm) induced by the cleavage
of the Mca-Mat substrate. kcat/Km values were obtained by fit-
ting these progress curves (three independent experiments)
with the integrated Michaelis-Menten equation by nonlinear
regression. The Ki values of probe 1were determined using the
method proposed by Horovitz and Leviski (31).
Mass Spectrometry—MS experiments were performed on an

Ion Trap mass spectrometer (Bruker, Esquire-HCT). Ion trap
parameters were set as follows: electrospray potential, � 4000
V; skimmer voltage, � 40 V; capillary exit, 226 V; and a source
temperature of 365 °C. TheMS survey scan wasm/z 400–3000
Da with a target mass fixed at m/z 1800 Da and a 5-spectrum
scan average.
Nano-RP-HPLC—Peptide separation was carried out on an

Ultimate LC Packings/DIONEX UltiMateTM Capillary/
Nano-LC System apparatus, using anAcclaim PepMap100 C18,
3 �m, 100 Å (150 mm � 75 �m) column at a flow rate of 200
nl�min�1 and with detection at 214 nm. Solvent systems were:
(A) 95% water, 5% acetonitrile, 0.01% trifluoroacetic acid, and
0.04% FA and (B) 5% water, 95% acetonitrile, 0.01% trifluoro-
acetic acid, and 0.04% FA. The following gradient was used: t �
0min, 100%A; t� 3min, 100%A; t� 73min 70% B; t� 74min
100% B; and t � 80 min 100% B.

�-RP-HPLC—Peptide separation was carried out on an Agi-
lent 1100 series apparatus and using a X-Bridge (Waters) C18

SCHEME 1
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5-�m, 300-Å column (2.1� 150mm, 5�m) at a flow rate of 200
�l/min andwith detection at 214 nm. Solvent systemswere: (A)
100% water, 0.1% FA and (B) 100% acetonitrile, 0.09% FA. The
following gradient was used: t� 0min, 10%B; t� 5min, 10%B;
and t � 45 min 100% B.
Photoaffinity Labeling—MMPs (1�M) were incubated with 2

�M of 3H probe 1 in 50 mM Tris/HCl, pH 6.8, 10 mM CaCl2,
0.01% Brij35, for 10 min in the dark at room temperature. The
reaction mixture was irradiated using a 1000-watt mercury

lamp (Orsam) for 2 min (10 °C). All irradiation experiments
were performed under inactinic light (sodium light) at 310 nm
(50 microwatts�cm�2) on an apparatus equipped with an aper-
ture and a series of lenses focusing the polychromatic light to a
monochromator (Jobin-Yvon), a series of lenses to focus the
monochromatic light to a thermostat support, in which the
Eppendorf tube containing the mixture to irradiate is inserted.
Light intensity was measured with a radiometer IL1700 (Inter-
national Light, Newburyport, MA). After irradiation, the reac-

FIGURE 1. Peptide fragments generated by trypsin cleavage of hMMP-12. a, sequence showing the tryptic fragments of hMMP-12 catalytic domain.
Nano-HPLC profile (214 nm) of a tryptic peptide mixture obtained by in-gel digestion of unmodified (b) or covalent (c) hMMP-12 by probe 1 (loading of
5 pmol). d, tryptic peptide sequences of hMMP-12 and corresponding m/z ratio. Numbers in b and c and their correspondence in peptide sequence are
reported in d.
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tion was quenched by the addition of Laemmli loading buffer
followed by boiling (5 min, 95 °C). These samples were imme-
diately processed for subsequent SDS gel analysis.
Electrophoresis—Radiolabeled proteins were diluted in Lae-

mmli loading buffer (final concentration, 0.1% (w/v) bromphe-
nol blue, 2% (w/v) SDS, 10% (v/v) glycerol, 50mMTris-HCl, pH
6.8, and 100 mM dithiothreitol) and were resolved by SDS-
PAGE electrophoresis in a 12% 1 mm-thick SDS gel, using a
mini-protean III apparatus (Bio-Rad). Silver staining was per-
formed as classically described.
In-gel Digestion—Gels were stained with Coomassie Blue

R250. Gel pieces containing proteins were excised and
destained by adding 50 �l of 25 mM NH4 HCO3 in 50% aceto-
nitrile. After a 10-min incubation with occasional vortexing,
the liquid phase was discarded. This procedure was repeated
three times. Gel peaces were then rinsed (10 min) with aceto-
nitrile and dried under vacuum. Gel pieces were reswelled in 25
mM NH4 HCO3 buffer containing trypsin (12 ng/�l, modified
porcine trypsin sequence grade, Promega, Madison, WI). After
the trypsin digestion (37 °C, 18 h), the solution was transferred
in into an Eppendorf tube, and tryptic peptides were isolated by
extraction with 50 �l of 50% acetonitrile in water with 1% FA
(2 � 10 min) at room temperature. Peptide extracts were
pooled, concentrated under vacuum, and solubilized in 50%
acetonitrile in water with 1% trifluoroacetic acid.

Blotting—Transfer of proteins onto a polyvinylidene fluoride
(PVDF) membrane was achieved using a semi-dry transfer blot
apparatus (Bio-Rad). Gels were rinsed in a 50mMTris/HCl, pH
8.5, 20% methanol, 40 mM glycine, 0.0375% SDS in distilled
water (Transfer Buffer). The PVDFmembrane was activated in
a bath of methanol, rinsed with water, and then equilibrated in
the transfer buffer. We formed a membrane sandwich for pro-
tein transfer between the cathode and the anode: this included,
from anode to cathode, a sheet of extra thick blot paper (Bio-
Rad), wetted with transfer buffer, then the activated PVDF
membrane, the gel, and finally 2 sheets of extra thick blot paper
wettedwith transfer buffer. After transfer, membranes were dried
before radioactivity analysis or were stained using a Coomassie
Blue solution (0.1% R250, 50/49/1 water/ethanol/acetic acid).
Radioimaging—Radioactivity imaging and counting of the

PVDF membranes were performed with the beta-ImagerTM
2000 from Biospace (Paris, France). This apparatus allows an
absolute counting of the tritium � particles, with a detection
threshold of 0.007 cpm/mm2 for tritium.
Trypsin Digestion of PVDF Membranes—Pieces of PVDF

membranes containing labeled or unlabeled hMMP-12 were
excised and destained using a 50/50 water/ethanol solution to
remove excess of R250. PVDF pieces were incubated in a solu-
tion of 50 mM NH4 HCO3, pH 8/acetonitrile (50/50) with tryp-
sin (12.5 ng/�l). Digestion was continued for 18–20 h at 50 °C.

FIGURE 2. �-HPLC profile of a tryptic peptide mixture obtained by trypsin digestion of unmodified or covalently modified hMMP-12 by probe 1. UV
trace (214 nm) of PVDF tryptic digest (100 pmol) of unmodified (a) and modified (b) hMMP-12 by probe 1. In a peaks labeled 6 and 7 correspond to the two
tryptic fragments reported in Fig. 1 generated by trypsin cleavage of the S1� loop. In b peaks labeled 1, 2, and 3 correspond to tryptic fragments covalently
modified by probe 1.
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PVDF pieces were then rinsed with a solution of 50% acetoni-
trile with 0.1% trifluoroacetic acid.
Peptide Mapping—Eluant from the �-HPLC column was

split out into two flows: one at 160 �l/min for UV monitoring
(214 nm and 280 nm using a diode array detector) and radioac-
tivity measurements; the remaining flow was directed to an
electrospray mass spectrometer for MS. A volume of 0.5 �l of
each fractionwas spotted onto a glass plate for counting tritium
radioactivity using the beta-ImagerTM 2000. On-line �-HPLC/
ESI/MS experiments were performed on an ion trapmass spec-
trometer, with the parameters as described above.
Edman Sequencing—N-terminal amino acid sequence anal-

ysis was performed by automated Edman degradation using an
ABI Model 477A/120A Protein-Peptide Sequencing/Analysis
System and Analysis Software System, Model 920A (Applied
Biosystems Inc., Foster City, CA). Radioactive fractions eluted
from the �-HPLC column were pooled and loaded onto a trif-
luoroacetic acid-treated cartridge filter, previously conditioned
with BioBrene PlusTM. Prior to each sequence analysis, calibra-
tion was performed using a PTH-amino acid standard solution.
MS/MS Sequencing of Covalently Modified Peptides—Radio-

active fractions containing covalent adduct peptides were con-
centrated by using a reverse phase pipette tip (C18 ZipTip).
Off-line nanoelectrospray ionization-mass spectrometry/MS
experiments were performed on a ion trap mass spectrometer.
Ion trap parameters for MS were set as follows: nano-electro-
spray potential, 1000 V; skimmer voltage, 40 V; capillary exit,
226 V; and source temperature, 150 °C. The scan number was

increased to 20 spectra over an
m/z of 250–2000 Da, the isolation
width was set to 1 Da, and the col-
lision energy to 0.65 V in the
MS/MS-mode. MS/MS spectra
were recorded for double-charged
molecular peptide ions.
Molecular Modeling—Model of

probe 1 interacting with hMMP-12
was obtained as previously de-
scribed (15). NMR structures in Fig.
7 (a and b) where selected from an
ensemble of 20 NMR structures of
the hMMP-12 catalytic domain
deposited in Rutgers Collaboratory
for Structural Bioinformatics PDB
under access code 2POJ.

RESULTS

One-dimensional SDS-PAGE In-
gel Digestion—Efficient cross-link-
ing experiments were shown to rely
on the presence of detergent in sam-
ple buffer, a requirement preventing
direct analysis of the photo-adduct
by MS. In addition, previous work
has demonstrated that light excita-
tion of probe 1 in the presence of
hMMP-12 catalytic domain pro-
duced two protein species that

could be resolved by one-dimensional SDS-PAGE, the upper
band corresponding to the covalently labeled hMMP-12 and
the lower band to unmodified hMMP-12 (26). These consider-
ations led us to use first electrophoresis to separate the unmod-
ified frommodified forms of hMMP-12 and then proceed to the
analytical characterization of these protein species. After elec-
trophoresis, gel pieces containing these protein forms were
subjected to in-gel trypsin digestion, and the corresponding
soluble tryptic fragments were resolved by nano-HPLC and
analyzed online byMS. Nano-HPLC-MS analyses of the tryptic
fragments from unlabeled (Fig. 1b) hMMP-12 showed a good
overlapping with its catalytic domain sequence (Fig. 1a).
Among the 12 expected tryptic fragments, 8 fragments were
detected in the nano-HPLC profile (Fig. 1, b and d). Based on
mass criteria, two peptides co-eluting at the same retention
time were shown to result from the S1� loop cleavage by trypsin
(peak 6: MH	 � 956.6 and 7: MH	 � 1027.5; through this
report, the S1� loop sequence corresponds to the fragment
Ala234 to Arg249). The nano-HPLC profile (Fig. 1c) for the
covalently modified form of hMMP-12 (upper band) was char-
acterized by an absence of peaks 6 and 7. This suggests that the
covalent modification of hMMP-12 by the probe targets resi-
dues of the S1� loop. No additional signals corresponding to
modified peptides were observed in this nano-HPLC profile,
thus the corresponding peptides should remain in the gel. An
absence of radioactivity in the sample buffer (probe 1 incorpo-
rates a tritium radioactive atom, Scheme 1) supports this con-

FIGURE 3. �-HPLC ESI mass spectra (negative mode) of peaks 1, 2, and 3 reported in Fig. 2. Molecular
weights corresponding to the double-charged ion species contained in these HPLC fractions are reported.
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clusion. To overcome this drawback, proteins were transferred
from the gel onto PVDFmembranes, prior to trypsin treatment.
Micro Liquid Chromatography-MSAnalysis of Tryptic Digest

Containing Radioactive Species—Analysis of PVDF mem-
branes after gel transfer by radioimaging indicated a quantita-
tive protein transfer. When peaces of PVDF membrane con-
taining hMMP-12 covalently labeled by probe 1were incubated
in buffer, no signal of radioactivity was detected in solution, a
result showing that labeled hMMP-12 remains on/in the mem-

brane. By contrast, when these
membranes were incubated in
buffer containing trypsin, radioac-
tivity was released, suggesting the
presence of hMMP-12 tryptic frag-
ment(s) labeled by probe 1 in buffer
sample. This tryptic fragment mix-
ture, including those obtained from
unmodified hMMP-12, were ana-
lyzed by �-HPLC, MS, and radioac-
tivity counting. Comparison of the
corresponding �-HPLC profiles
(Fig. 2a unlabeled hMMP-12 and 2b
labeled hMMP-12) revealed the
presence of three additional radio-
active peaks in the labeled sample.
S1� loop tryptic fragments (peaks 6
and 7 in Fig. 2a) were detected in the
unlabeled hMMP-12 sample, but
were no longer detected in the
labeled sample, suggesting again a
covalent modification of the S1�
loop by the photoaffinity probe.
MSAnalysis of theThree Radioac-

tive Peptides—Measure of mass-to-
charge ratio using a negative detec-
tion mode of the above three
�-HPLC peaks (F1, F2, and F3) indi-
cated that the mass of the fragment
contained in F3 corresponds app-
roximately to the expected mass
(observedmass 2712.3 Da, expected
mass 2713.3Da, see “Discussion”) of
the S1� loop peptide of hMMP-12
(residues Ala234 to Arg249, Mw �
1964.99) covalently modified by
probe 1 (Mw � 776.27 Da, minus 28
Da due to loss of N2 after irradiation
of the azide group) (Fig. 3). Thus,
the covalent modification of
hMMP-12 by probe 1 prevents
cleavage of the S1� loop peptide by
trypsin, a result explaining why the
corresponding tryptic fragments are
no longer detected after covalent
modification. Furthermore, this
absence of trypsin cleavage suggests
that the site of covalent modifica-
tion occurs at the Lys241 level or at a

residue near Lys241 (the S1� loop fragment contains only one
internal tryptic site). Themass-to-charge ratio of the two other
species (F1 and F2 in Fig. 3) corresponds to F3-oxidized forms,
with one (	16, F2) and two (	32, F1) degrees of oxidation,
respectively. The presence of Met236 in the S1� loop sequence
may explain the observation of oxidized forms (see below).
Edman Sequencing—The three purified radioactive fractions

(F1, F2, and F3), containing the covalently modified hMMP-12
S1� loop peptide, were pooled and subjected to Edman degra-

FIGURE 4. Edman degradation of the purified fragment peptide of hMMP-12 (25 pmol) covalently mod-
ified by probe 1.

FIGURE 5. Low energy collision induced dissociation spectrum of the purified S1� loop peptide fragment
modified by probe 1, precursor ion at m/z 1373.1 (double-protonated ion with two degrees of oxida-
tion). The mass shift observed for the y9 ion, corresponding exactly to the mass increment expected for the
covalent addition of probe 1 to the S1� loop fragment, including one degree of oxidation, demonstrated that
the covalent modification occurs at Lys241 level.

MMP-12 Photoaffinity Probe

NOVEMBER 7, 2008 • VOLUME 283 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 31063



dation to further characterize the site of covalent modification.
N-terminal sequencing of this peptide started at Ala234 and
ended at to Tyr240, with no sequencing cycle detected at the
Lys241 position (Fig. 4). The next sequencing step indicated a
Tyr residue at position 242, and sequencing identified all sub-
sequent S1� loop residues up to Arg249. Therefore, the site of
covalent modification occurs in the S1� loop, and Lys241 is the
only residue modified by probe 1 in this loop.
MS/MS Analysis—The MS/MS analysis of the purified and

photo-cross-linked tryptic fragments corresponding to the S1�
loop was carried out for further confirmation and to character-
ize the chemical structure of the covalent adduct. MS/MS (col-
lision induced dissociation) experiments were performed on
the double-charged precursor ion atm/z [M	2H]2	 � 1373.1
Da, corresponding to the double oxidizedmodified tryptic pep-
tide (Mw(F1)� 2744,3 Da, Fig. 3). Fragment ions were assigned
according to the nomenclature described by Biemann et al.
(32). Experimental C-terminal y3 to y8 ionmasses were consist-
ent with those predicted, indicating that the C-terminal part of
the S1� loop from Tyr242 to Arg249 is not modified by probe 1
(Fig. 5). All these ions possess the expected theoretical mass,
thus no oxidation takes place in theTyr242–Arg249 sequence. By
contrast, themass shift observed from ion y9 to y12, correspond-
ing exactly to the mass increment expected for the covalent
addition of probe 1 to the S1� loop fragment, including one
degree of oxidation, demonstrated that the covalent modifica-
tion occurs at the Lys241 level. Because this part of the S1� loop
does not contain a methionine or amino acids that could be the
target of oxidation (Pro239–Arg249), the oxidation site in this
case is expected to occur inside the probe structure. Observed
N-terminal b ion masses (from b8 to b12) are in agreement with
the above conclusion, but these observations alone cannot be

used to determine the site of modification. This identification
would have required observing the b7 ion, at the least. All b ions
observed possess two degrees of oxidation, one as a result from
probe oxidation, as suggested above, and the other probably
resulting from methionine oxidation.
Analysis of Lysine 3 Ala Mutant—An hMMP-12 mutant

was produced in which lysine in position 241 of the wild type
was replaced by alanine. Comparison of the catalytic efficiency
of this mutant in cleaving a fluorogenic synthetic substrate spe-
cific for MMPs, as well as the Ki value of probe 1 toward the
mutant, as compared with wild-type hMMP-12, indicates sim-
ilar functional properties between the two proteins (Table 1).
Photolabeling of this mutant with probe 1, analyzed either by
silver staining or radioactivity counting, revealed significantly
less cross-linking in the mutant (�2% based on radioactivity
counting), than in wild-type hMMP-12 (�45%) (Fig. 6).

DISCUSSION

The various approaches used in this study indicate thatmod-
ification of hMMP-12 by probe 1 mostly involved the � amino
group of Lys241, a residue located on the S1� loop, shaping one
part of the S1� cavity (26). This is consistent with our previous
suggestions that grafting an azide onto a P1� phenylisoxazoline
side chain of a phosphinic peptide inhibitor of MMP should
result in a photoaffinity probe able tomodify residues of the S1�
cavity. However, even by using a molecular model describing
the potential binding mode of 1 within the hMMP-12 active
site, it would be hard to predict the results reported in this
study. The main reason for this is the fact that Lys241 is located
on a loop segment of hMMP-12,which, based onboth x-ray and
NMR studies of free hMMP-12 or in complex with synthetic
inhibitors, displays high flexibility with the lysine side chain
exhibiting high mobility (33–35). Superimposition of two
hMMP-12 structuremodels, taken from an ensemble of twenty
NMR-derived free hMMP-12 structures (34), provides some
clues about the conformational space sampled by the Lys241
side chain (Fig. 7). In one of these structures, the position taken
by the � amino group of Lys241 is too far away (d
 7Å) from the
presumed position of the nitrogen atom of the reactive inter-
mediate to predict covalent labeling of the lysine side chain (Fig.

7a). By contrast, the second struc-
ture, in which the � amino group of
Lys241 points toward the S1� loop
cavity, would favor the labeling of
Lys241 by probe 1 (Fig. 7b). It is
worth noting that, in these NMR
structures, the positions reported
for the lysine side chain correspond
only to “possible conformations.”
Result of the photo-cross-link
experiments thus leads credence to
these models, in particular to the
one in which the lysine side chain
points toward the S1� cavity. The
binding of probe 1 to hMMP-12
may induce a conformational
change and stabilize a structure
similar to that reported in Fig. 7b, in

FIGURE 6. Comparison of the covalent modification of wild-type hMMP-12 and Ala mutant by probe 1.
hMMP12 (1 �M) was incubated with probe 1 (2 �M) for 10 min, before UV irradiation (2 min). The MMP12
complexes (5 pmol) were resolved by one-dimensional SDS-PAGE electrophoresis and visualized on the gel by
silver staining (left) or the proteins were transferred onto a PVDF membrane that was analyzed with a radioim-
ager (right).

TABLE 1
Characterization of hMMP-12 Ala mutant
kcat/Km and Ki values were determined in Tris/HCl buffer, 50 mM, pH 6.8, CaCl2,
10 mM.

hMMP-12 Ala mutant
Mca-Mat (kcat/Km, M�1�s�1) 1.53.104 (�0.03.104) 1.32.104 (�0.05.104)
Probe 1 (Ki, nM) 0.17 (�0.01) 0.35 (�0.04)
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which the � amino group of Lys241 is pointing in the direction of
and is in close proximity of the probe 1 azide group. Alterna-
tively, movements of the lysine side chain may exist on a time
scale faster than the lifetime of the nitrene reactive intermedi-
ate. The mass observed for the covalently modified S1� loop
corresponds to the theoretical expected mass minus 1. This
difference was resolved by considering that the � amino group
of Lys241 is actually labeled in its unprotonated form (NH2). The
equilibrium between NH3

	 and NH2 forms at pH 7 of the Lys �

amino group could be shifted toward the NH2 form, through
consumption of the NH2 form by the photochemical reaction.
Alternatively, a shift in the lysine conformation toward the
nitrene reactive group may change the pKa of that side chain.
The exact chemical structure of the covalent adduct formed
between hMMP-12 and probe 1, after irradiation, has not been
established in this study. Based on previous studies of aryl
azides, irradiation of probe 1 is expected to produce as reactive
intermediates either a dedihydroazepine (Scheme 2a) or a tri-

plet nitrene (Scheme 2b), as reactive
intermediates (36–38). The dedihy-
droazepine intermediate is thought
to react with nucleophilic atoms
present in cysteine and histidine
residues, but less likely with the pro-
tonated � amino group of the lysine
side chain (Scheme 2, adduct 2a)
(38). Triplet nitrene may covalently
modify the � amino group of a lysine
to form the structure reported in
Scheme 2 (adduct 2b). Simple phe-
nylazides produce dedihydroaz-
epine upon photolysis in water or
buffer (39). However, the photoge-
nerated intermediate was also reli-
ant on the nature of the substituents
of the phenyl ring (36–38). How the
isoxazoline group in para-position

SCHEME 2

FIGURE 7. Model of probe 1 in complex with hMMP-12 (see “Experimental Procedures”). As compared
with the standard orientation recommended for metzincins, the structure of MMP-12 catalytic domain has
been tilted around the horizontal axis to better bring out the S1� loop. Lys241 is colored in blue, probe 1 in green,
and catalytic zinc ion in purple; a and b displayed two possible conformations taken by the Lys241 flexible side
chain, one (a) far away from the azide group and the other (b) nearby this group.
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of the phenyl in probe 1 influences which type of reactive inter-
mediate is formed is actually unknown. Moreover, in a context
of high affinity, the protein binding site environment might
determine the structure of the reactive intermediate that will be
formed upon photolysis. Because the two predicted adducts
have the samemass (Scheme 2, 2a and 2b), their discrimination
by MS and the identification of the reactive intermediate
involved in the reaction cannot be achieved in the present
study. Indeed, given the length of adducts 2a and 2b, ESI/
MS/MS mostly leads to peptide bond fragmentation. Thus,
characterization of N–C or N–N bonds to discriminate
between 2a and 2b adducts would require the use of other tech-
niques like electronic impact. The fewpercent of covalentmod-
ification observed in the Ala mutant prevented further charac-
terization of the covalent modification site. Similar weak
covalent modifications occurring in the Ala mutant may also
take place in wild-type hMMP-12, but this should only be con-
sidered as aminor reaction, in comparisonwith themajormod-
ification observed at lysine. Inspection of the S1� cavity of
hMMP-12 in the vicinity of the azide of probe 1 indicated that
the closest atoms to the nitrogen linked to the phenyl (the one
that will form the nitrene) are the H� (d � 3Å) and CH3� (d �
3.5Å) of Val235. Labeling of hydrophobic residues is generally
observed with probes that generate extremely reactive species
like carbene (38), thus the weak labeling observed in the Ala
mutantmay be explained by theweaker reactivity of the nitrene
formed by probe 1 toward hydrophobic residues, like Val235.
Interestingly, in MMP-8 in which the position 241 is occupied
by an alanine, a weak labeling (�2–3%)was previously reported
for its covalent modification by probe 1 (26). Thus, MMP-8
and theAla-MMP-12mutant display a similar reactivity toward
probe1, even though their S1� loop sequences are very different.
Thus cross-linking yield between probe 1 and other MMPs is
possibly determined by the chemical nature of the residue in
position 241. This may explain themarked differences in cross-
linking yield observed between various MMPs, because the
composition of the position 241 is highly variable in MMPs
(Ala(MMP8), Gln(MMP14), Thr(MMP2, 13, 11), Arg(MMP9), and
His(MMP3)). If true, developing photoaffinity probes with high
cross-linkingdedicated to MMPs (23–26), these ABP yield
toward all MMPs will require the selection of other reactive
photo-activable groups, having lower selectivity toward the
chemical nature of the residues surrounding the probe. This
challenge will have to overcome the various chemical con-
straints and the particular shape of theMMPS1� cavity. Probing
the S1� cavity ofMMPs by photoaffinity labeling, as shownhere,
provides a unique insight into the conformational variability of
MMPs, a key factor governing their selective recognition of
substrates or inhibitors. Despite the development of very smart
and different activity-based probes (ABPs) probes have not yet
detected active forms ofMMPs in biological samples. The tight
regulation and control of MMP active forms probably explain
this failure, but it also calls for the development of extremely
sensitive ABP probes (40). To be achieved, this goal needs to
take into account the yield of cross-link achieved by these
probes toward all MMP members. The data reported in this
study should help in the design of better MMP ABP probes,
allowing the sensitive detection of their active forms in various

samples, an important objective for both diagnosis and thera-
peutic application (41–43).
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