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ABSTRACT: Matrix metalloproteinase-1 (MMP-1) plays crucial roles in disease-
related physiologies and pathological processes in the human body. We report here
solution studies of MMP-1, including characterization of a series of mutants designed to
bind metal in either the catalytic site or the structural site (but not both). Circular
dichroism and fluorescence spectroscopy of the mutants demonstrate the importance of
the structural Zn(II) in maintaining both secondary and tertiary structure, while UV−
visible, nuclear magnetic resonance, electron paramagnetic resonance, and extended X-
ray absorption fine structure show its presence influences the catalytic metal ion’s
coordination number. The mutants allow us to demonstrate convincingly the
preparation of a mixed-metal analogue, CoCZnS-MMP-1, with Zn(II) in the structural
site and Co(II) in the catalytic site. Stopped-flow fluorescence of the native form,
ZnCZnS-MMP-1, and the mixed-metal CoCZnS-MMP-1 analogue shows that the
internal fluorescence of a nearby Trp residue is modulated with catalysis and can be used to monitor reactivity under a number of
conditions, opening the door to substrate profiling.

Matrix metalloproteinases (MMPs) are Zn(II)- and Ca(II)-
dependent endopeptidases that degrade components of

the extracellular matrix, such as collagen, proteoglycans, and
fibronectin.1 They have been broadly categorized into six classes:
collagenases, gelatinases, stromelysins, matrilysins, membrane
type (MT), and “other”MMPs.2 The majority of MMPs consist
of an N-terminal pro-peptide that maintains the enzyme’s
latency, a Zn(II)/Ca(II) binding catalytic domain, a variable-
length linker, and a hemopexin domain that regulates enzyme
activity.3

The first reported example of a matrix metalloproteinase
(MMP-1)4 was shown to hydrolyze triple-helical collagens that
are essential structural components of connective tissues, such as
cartilage, bone, skin, tendons, and ligaments.5 During catalysis,
collagen is initially unwound by the catalytic and hemopexin
domains, and a resulting single strand of collagen is fitted into the
active site cleft and specifically cleaved to generate three-fourths
N-terminal and one-fourth C-terminal fragments.6−8 Consid-
erable evidence indicates that misregulated MMP-1 is positively
correlated with certain cancers,9−11 andMMP-1 itself can also be
used in gene therapy to treat diseases like muscle and hepatic
fibrosis and to improve muscle healing.12−14 This breadth in
potential therapeutic scope has sparked considerable effort in the
identification of MMP-1 inhibitors.15−17

The catalytic zinc (ZnC) of MMP-1 is coordinated by His218,
His222, and His228, along with an uncertain number of solvent
molecules, ranging from one to three in inhibitor-free enzyme
crystal structures (Figure 1).18,19 Adjacent to the catalytic Zn(II),
but not directly coordinated, Glu219 has been reported to play a
critical role in catalysis.20,21 Also found in the catalytic domain, a
second zinc ion (ZnS), coordinated tetrahedrally by His168,
His183, His196, and a monodentate Asp170, helps constrain an

S-loop conformation above the catalytic Zn(II) site.22 Despite
their proximity (8−10 Å), the catalytic importance of the
structural Zn(II) has not been examined closely.
The spectroscopic versatility of high-spin Co(II), coupled with

functional and structural properties comparable to those of
Zn(II),23 makes Co(II)-substituted MMPs attractive targets for
probing the interaction between the catalytic metal center and
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Figure 1. Catalytic domain of MMP-1 (Protein Data Bank entry
1HFC).55
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clinically relevant inhibitors. However, solution characterization
of MMPs is sparse. Early work on MMP-3 used optical
spectroscopy of the Co(II) enzyme to demonstrate active site
binding by the thiol of a potential inhibitor.24 The Co(II)-
substituted analogues of MMP-3 and MMP-7 were examined
using only optical spectroscopy and steady state kinetics,21,24,25

while Co(II)-substituted MMP-12 was used in development of a
nuclear magnetic resonance (NMR)-based high-throughput
assay.26 Each of these preceding studies relied on the dicobalt
enzyme (CoCCoS-MMP-#, based on the notation used here),
which requires the deconvolution of overlapping information
from an unchanging Co(II)His3Asp site (CoS) and a potentially
changing Co(II)His3(OHx)y site (CoC). We report here detailed
solution studies of MMP-1, including characterization of a series
of mutants designed to bind metal in either the catalytic site or
the structural site (but not both). The mutants allow us to
demonstrate convincingly the preparation of a mixed-metal
MMP-1, with Zn(II) in the structural site and Co(II) in the
catalytic site. The detailed characterization of the mixed-metal
analogue that is presented will facilitate future studies of binding
of ligand and substrate to MMP-1.

■ MATERIALS AND METHODS

Materials. The plasmid containing the catalytic domain of
MMP-1 was a kind gift from K. Brew (Charles E. Schmidt
College of Medicine, Florida Atlantic University, Boca Raton,
FL). The recombinant enzyme was purified using a previously
published procedure.7 Escherichia coli strain BL21(DE3) was
purchased from Novagen (Madison, WI). Luria-Bertani (LB)
medium was purchased from Invitrogen (Carlsbad, CA).
Isopropyl β-D-thiogalactoside (IPTG) was purchased from
Anatrace (Maumee, OH). All buffer solutions and growth
media were made with Barnstead NANOpure water. Chelex 100
resin (Bio-Rad Laboratories, Hercules, CA) was used to make
metal-free buffer, as previously described.27 Kinetic and
spectroscopic studies were conducted in 50 mM HEPES (pH
7.0) containing 100 mM NaCl and 5 mM CaCl2 (hereafter
termed simply “buffer”). Fluorogenic peptides FS-6 and DNP-
Pro-Leu-Ala-Leu-Trp-Ala-Arg-OH were purchased from Sigma-
Aldrich. The reference peptide for FS-6 (Mca-Pro-Leu-OH) was
purchased from Enzo Life Science. The QuikChange Site
Directed Mutagenesis kit was purchased from Agilent Technol-
ogy, Inc., and mutations were introduced following the
manufacturer’s instructions. The primers used to generate the
mutations were as follows: MC-MMP-1 (single mutant H168A),
H168A-Forward-CATGATATCTTTTGTCAGGGGAGA-

TGC and H168A-Reverse-GAGAGTTGTCCCGAGCATCT-
CCCCTG; MS-MMP-1 (double mutant H218A/H222A),
H218A-Forward-CTTACATGGTGTTGCGGCTGCTGA-
ACT, H218A-Reverse-AGAATGGCCGAGTTCAGCAGCCG-
CAA, H222A-Forward-GGCTGCTGAACTCGGCGCTTCT-
CTTGGA, and H222A-Reverse-GGAGAGTCCAAGAGAAG-
CGCCGAGTTCA.

Preparation and Characterization of Co(II)-Substituted
MMP-1. Apo-MMP-1 was prepared according to a previously
published procedure.28 Briefly, the purified enzyme was
concentrated to 200−300 μM in 4 mL and incubated with ∼4
mL of 4 mM phenanthroline-containing buffer, on ice, for 20
min. Then, 2 mL of 8 M EDTA was added to the solution, and
the solution was dialyzed versus 3 × 1 L of buffer (each dialysis
step was at least 4 h) containing 50 mM HEPES (pH 7.0), 150
mMNaCl, 2 mM phenanthroline, and 3 mMEDTA, followed by
dialysis against buffer alone to remove chelators. The H168A
mutant [MC-MMP-1, where M = Zn(II) or Co(II)] does not
bindmetal at the structural site, while the H218A/H222A double
mutant [MS-MMP-1, where M = Zn(II) or Co(II)] does not
bind metal at the catalytic site; both were prepared by site-
directed mutagenesis.28 The single and double mutants were
purified following the same protocol used to purify wild-type
(wt) MMP-1. The yield of the double mutant was ∼4 mg/L,
similar to that of wt MMP-1, while the yield of the purified
H168A single mutant was much lower, ∼1 mg/L. Co(II)-
substituted analogues of wt MMP-1 (CoCCoS-MMP-1), CoC-
MMP-1, and CoS-MMP-1 were generated by adding a slight
excess of CoCl2 to the metal-free proteins, incubating for 1 h, and
dialyzing versus 1 L of metal-free buffer to remove any unbound
Co(II).
The mixed-metal hybrid CoCZnS-MMP-1 was generated using

a method published previously for MMP-3.25 In brief, 10 mL of
ZnCZnS-MMP-1 (∼200 μM) was dialyzed against 3 × 1 L of
buffer containing 2 mM phenanthroline, 5 mM CaCl2, and 20
mMHEPES (pH 7.5), followed by 2 × 1 L of buffer containing 1
mM CoCl2, 5 mM CaCl2, and 20 mM HEPES (pH 7.5). Lastly,
the solution was dialyzed against 5 × 1 L of buffer containing 5
mM CaCl2 and 20 mM HEPES (pH 7.5) to remove unbound
phenanthroline and Co(II). A PerkinElmer model 150
inductively coupled plasma atomic emission spectrometer
(ICP-AES) was used to measure the metal content of all
MMP-1 samples. For the ICP-AES measurements, the protein
concentrations were 1 μM, and ICP-AES standards containing
Zn(II), Fe(II), and Co(II) at concentrations from 0.5 to 4 μM

Figure 2. (A) Circular dichroism and (B) fluorescence spectra of Zn(II)- and Co(II)-containing analogues ofMMP-1: (thin line)MCMS-MMP-1, (thick
line) MC-MMP-1, and (dashed line) MS-MMP-1.
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were prepared by serial dilution of standard solutions (Fisher
Scientific).
Circular Dichroism (CD) and Fluorescence Spectrosco-

py. CD spectra were recorded on a JASCO J-810 spectropo-
larimeter, using∼10 μMprotein in 50mMphosphate buffer (pH
7.5). Ten scans were averaged, and the resulting spectra (shown
in Figure 2) were analyzed with the online DichroWeb
software.29,30 Fluorescence spectroscopy was performed on a
PerkinElmer model LS-55 luminescence spectrometer, with
excitation at 280 nm and emission recorded from 290 to 440 nm.
Five fluorescence scans of 5 μM protein [buffer consisting of 50
mM HEPES, 5 mM CaCl2, and 100 mM NaCl (pH 7.0)] were
averaged to yield the final spectra shown in Figure 2.
Steady State Kinetics. FS-6 was used as the substrate in

steady state kinetic studies of the MMP-1 analogues (Scheme 1).

The assays were conducted on a Synergy HT plate reader from
Bio-TEK Instruments, Inc.31 The excitation wavelength was set
to 330 nm, and the emission was monitored at 420 nm. The
protein concentration was held constant at 10 nM, and substrate
concentrations were varied from 10 to 60 μM. The Mca
fluorophore of unhydrolyzed FS-6 is quenched by the adjacent
DNP group; after cleavage, Mca fluorescence could be recorded
by the plate reader. The hydrolyzed substrate concentration at
the end of the assay was determined by interpolating from a
linear standard curve that correlates Mca-PL-OH fluorescence
intensity to a known concentration.
EXAFS Spectroscopy. Samples for EXAFS (approximately 1

mM in protein) were prepared with 20% (v/v) glycerol as a
glassing agent. EXAFS samples were loaded in Lucite cuvettes
with 6 μm polypropylene windows and frozen rapidly in liquid
nitrogen. X-ray absorption spectra weremeasured at theNational
Synchrotron Light Source (NSLS), beamline X3B, with a
Si(111) double-crystal monochromator. Harmonic rejection was
accomplished using a Ni focusing mirror. Fluorescence excitation
spectra for all samples were measured with a 31-element solid
state Ge detector array. Samples were held at approximately 15 K
in a Displex cryostat. EXAFS data collection and reduction were
performed according to published procedures.32 Data were
measured in duplicate, six scans at the zinc K-edge and eight
scans at the cobalt K-edge, each on two samples from
independent purifications. As fits to the two data sets were
equivalent, the data were averaged; the experimental spectra
presented here are the averaged data sets (12−16 scans per
sample). Data were converted from energy to k-space using an E0
of 9680 eV (Zn) or 7730 eV (Co). Detailed summaries of the
fitting results are presented in the Supporting Information.
NMR Spectroscopy. 1H NMR spectra were recorded on 2

mM samples in buffer containing ∼10% D2O. Exchangeable
protons were identified by comparison with samples in ∼90%
D2O. Spectra were recorded at 290 K on a Bruker ASX200
spectrometer (νH = 200.13 MHz), using a frequency switching

technique that places a long, low-power (saturating) pulse on the
water signal, before moving the transmitter to an arbitrary region
of interest.33 This approach allows accentuation of severely
hyperfine-shifted resonances, and often more uniform excitation.
Spectra for MMP-1 recorded in this manner were the average of
∼200000 transients consisting of 8K points over a 75 kHz
spectral window (tAQ = 54 ms, ∼16 h per spectrum). The
presaturation pulse was typically 100−150 ms (∼1 W), centered
at the water frequency, while the acquisition pulse was 3 μs at full
power, typically centered between 50 and 200 ppm. Prior to
Fourier transformation, all free induction decays were apodized
using an exponential decay that introduced an additional line
width of 30 Hz (0.15 ppm).

EPR Spectroscopy. X-Band EPR spectra were recorded on a
Bruker EMX EPR spectrometer equipped with an Oxford
Instruments ESR900 helium-flow cryostat. Spectra were
recorded at 9.63 GHz (B0 ⊥ B1) using an ER4116DM dual-
mode cavity, with 10 G (1mT)magnetic-field modulation at 100
kHz. Spectra were simulated, assuming a fictitious S′ = 1/2, with
EasySpin.34 The simulated g values were then compared with
theoretically allowed values for geff and the rhombicity, assuming
an isotropic g-real, using Rhombogram.35−37

Stopped-Flow Kinetics. Stopped-flow fluorescence studies
using peptide substrate DNP-Pro-Leu-Ala-Leu-Trp-Ala-Arg-OH
(DNP = 2,4-dinitrophenyl) and Zn(II)- and Co(II)-containing
analogues of the MMP-1 catalytic domain were conducted at 23
°C on an Applied Photophysics spectrophotometer, using an
excitation wavelength of 280 nm and a 320 nm high-pass filter on
the photomultiplier. A large excess of substrate (20−200 μM)
was rapidly mixed with 1 μM enzyme to approximate pseudo-
first-order conditions. The data obtained in stopped-flow studies
were globally fitted using Dynafit software with the mechanism
shown in Scheme 2.38 All three rate constants were allowed to
vary simultaneously, without constraint.

■ RESULTS
Kinetics of the Fully and Singly Loaded Enzymes. The

catalytic activities and metal contents of the MMP-1 analogues
examined here are listed in Table 1. The catalytic domain of wt
MMP-1 (ZnCZnS-MMP-1) was purified containing 1.6 equiv of

Scheme 1. Chemical Structure of FS-6, with the Scissile Bond
Indicated by the Dashed Box

Scheme 2. Reaction Mechanism

Table 1. Steady State Kinetic Constants andMetal Contents of
MMP-1 Analoguesa

metal contentc

species kcat (s
−1)b KM (μM)b Zn(II) Co(II)

ZnCZnS-MMP-1 2.1 19 1.6 <0.1
CoCCoS-MMP-1 1.9 27 <0.1 1.6
CoCZnS-MMP-1 2.3 21 0.8 1.1
ZnC-MMP-1 0.6 28 0.7 <0.1
CoC-MMP-1 0.1 18 <0.1 0.7
ZnS-MMP-1 0 1.1 <0.1
CoS-MMP-1 0 <0.1 0.9

aSubstrate, FS-6; see Materials and Methods for conditions. bRate
constant, kcat (±0.2), and Michaelis constant, KM (±8). cMetal content
in molar equivalents (±0.1).
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Zn(II), exhibiting a kcat of 2.1 s
−1 and a Km of 19 μM versus FS-6

as a substrate (Scheme 1). The fully Co(II)-substituted enzyme
(CoCCoS-MMP-1) also bound 1.6 equiv of metal, with steady
state kinetic constants similar to those of the Zn(II)-containing
enzyme. The mixed-metal analogue, CoCZnS-MMP-1, was
prepared by dialyzing ZnCZnS-MMP-1 against buffer containing
phenanthroline, which selectively chelated the more weakly
bound catalytic zinc.21,24,25 CoCZnS-MMP-1 prepared in this way
bound 0.8 equiv of Zn(II) and 1.1 equiv of Co(II), exhibiting
steady state kinetic constants indistinguishable from those of the
dizinc and dicobalt enzymes (Table 1). The difference in metal
loading between the di-Zn(II) and di-Co(II) enzymes relative to
CoCZnS-MMP-1 likely reflects the difference in contact time in
the final dialysis step. We note that extending this step further
reduces the final metal content, suggesting the catalytic site metal
ion remains slightly labile.
In an effort to prepare an analogue of MMP-1 capable of

bindingmetal only at the catalytic site (lacking the structural Zn),
the H168A single mutant was prepared (ZnC-MMP-1). It was
isolated with 0.7 equiv of Zn(II) bound, exhibiting aKm similar to
that of ZnCZnS-MMP-1, but a kcat that was 70% reduced. The
Co(II)-substituted version of this mutant (CoC-MMP-1),
prepared by direct addition of Co(II) to the apoenzyme, also
bound 0.7 equiv of metal and had a similar affinity for the
substrate, but still lower activity. We also note that the yield of
this mutant was reduced 4-fold compared to that of wt.
We similarly attempted to prepare a mutant of MMP-1 that

binds metal only at the structural site. The H218A mutant still
bound 1.7 equiv of Zn(II) and was not pursued further (data not
shown). The H218A/H222A double mutant (ZnS-MMP-1), as
predicted, did not exhibit any catalytic activity, though it did bind
1.1 equiv of Zn(II) (Table 1). The Co(II)-substituted version of
the double mutant also failed to exhibit catalytic activity, while
binding 0.9 equiv of Co(II). From these data, the importance of
both metal sites being occupied is readily apparent.
CD and Fluorescence Spectroscopy of MMP-1 Ana-

logues. Because the various analogues of MMP-1 exhibited
different steady state kinetic constants, we used CD and
fluorescence spectroscopies to probe their secondary structures.
As shown in Figure 2A, all of the mutants, and their Co(II)-
substituted forms, retain the major secondary structural features
of wild-type ZnCZnS-MMP-1, although there are minor differ-
ences. The CD spectra were analyzed for secondary structural
content using the online program DichroWeb.29,30 On the basis
of this analysis, summarized in Table 2, the fold of ZnCZnS-
MMP-1 is approximately 23% α-helix, 26% β-sheet, and 51% coil,
the same as that displayed by CoCCoS-MMP-1, within error. The
structural analogue, lackingmetal at the catalytic site (ZnS-MMP-

1), gave identical results, while the Co(II)-substituted version of
this mutant (CoS-MMP-1) showed an apparent shift in the
relative amounts of α-helix and β-sheet (increased by 3% and
decreased by 5%, respectively), although this level of change is
similar to the experimental error in the technique. The ZnC-
MMP-1 analogue, lacking metal in the structural site, showed
exactly the same shift, while the Co(II)-substituted form of this
mutant showed the most dramatic change with its α-helical
content being 10% higher than that of wt ZnCZnS-MMP-1, and a
concomitant reduction of the β-sheet content by 9%.While these
data may not be quantitative, they clearly show that loss of the
structural Zn(II) has some effect on the secondary structure of
MMP-1. The data also suggest that the monometallic forms
containing Co(II) are slightly altered relative to their Zn(II)-
containing counterparts. Most importantly, there is no
discernible difference in secondary structure when both metal
binding sites are occupied.
Previous studies have shown that the fluorescence properties

of tryptophan residues are very sensitive to their local
environment, and large changes in emission intensity and
fluorescence wavelength are often indicative of changes in
tertiary structure.39,40 The fluorescence emission spectra of the
various MMP-1 analogues, using 280 nm excitation, are shown in
Figure 2B. ZnCZnS-MMP-1 shows a broad peak centered at 327
nm whose intensity increases in the ZnS-MMP-1 analogue by
∼15%. Meanwhile, the intensity of the emission spectrum of the
ZnC-MMP-1 analogue was ∼50% of the intensity observed for
the dizinc enzyme, and red-shifted to 338 nm. Similar to the
Zn(II) enzymes, the CoS-MMP-1 analogue showed a nearly
identical band shape, albeit with greater intensity (35%),
compared to that of CoCCoS-MMP-1, while CoC-MMP-1
exhibited a red-shifted emission maximum (345 nm). Unlike
those of the zinc enzymes, the emission intensity of the CoC-
MMP-1 analogue was similar to that of CoCCoS-MMP-1. The
spectra of all three Co(II)-containing enzymes were weaker than
those of their Zn(II)-containing counterparts, tailing to longer
wavelengths. Both of these observations likely arise because of
the optical properties of the incorporated Co(II) ions. Overall,
the fluorescence spectra clearly suggest that loss of the structural
Zn(II) site alters the tertiary structure of the enzyme, possibly by
partially unfolding it near the catalytic site.

EXAFS of MMP-1 Analogues. To examine the effect of the
mutations on metal site structure and to ensure the fidelity of
Co(II) substitutions, we turned to EXAFS spectroscopy. The
best fits to Fourier-transformed k3-weighted EXAFS data for the
various MMP analogues, at the Zn or Co K-edge, are shown in
Figure 3 and summarized in Table 3. Detailed fitting results are
presented in Figures S1−S6 and Tables S1−S6 of the Supporting
Information. The data for wild-type ZnCZnS-MMP-1 were best
modeled with 4.5 N/O at an average distance of 2.01 Å and 3 His
ligands per Zn(II) (Figure S1 and Table S1 of the Supporting
Information). Inclusion of 0.5 carbon atom at 2.51 Å,
corresponding to Asp170 coordination at the structural site,
improved the fit residual by 29%. The EXAFS of CoCCoS-MMP-
1 was best fit with the samemodel, including an average of 4.5 N/
O donors at 2.03 Å and 3 His ligands per Co(II) (Figure S2 and
Table S2 of the Supporting Information). Inclusion of 0.5 carbon
scatterer, again corresponding to Asp170, improved the fit
residual by 35%. A small increase in first-shell distance is
expected, based on the difference in covalent radius, suggesting
the two metals adopt the same structure, in both sites.41

For comparison, the data for ZnS-MMP-1 show a relatively
high-intensity first-shell peak in its EXAFS Fourier transform

Table 2. Secondary Structure of Zn- and Co-Containing
Forms of MMP-1a

species α-helix (%) β-sheet (%) random coil (%)

ZnCZnS-MMP-1 23 26 51
ZnC-MMP-1 26 21 53
ZnS-MMP-1 23 26 51
CoCCoS-MMP-1 22 25 53
CoC-MMP-1 33 17 50
CoS-MMP-1 26 21 53

aThe percents of α-helix, β-sheet, and random coil were calculated
using CONTIN, available at the Dichroism Web site (see Materials
and Methods). Estimated uncertainty of approximately ±1%.
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(Figure 3), reflecting the higher order expected at the structural
site. The data were best modeled with 4 N/O per Zn(II) at an
average distance of 1.98 Å, including 3 His ligands per Zn(II)
(Figure S3 and Table S3 of the Supporting Information). This
model is consistent with the structural site defined by
crystallography and suggests that the catalytic Zn(II) ion is
five-coordinate (based on the reduction in average bond length).
Meanwhile, although the preceding data suggested that the
overall structure of ZnC-MMP-1 is altered, we measured its
EXAFS to see if this translated into an altered metal center
(Figure S4 and Table S4 of the Supporting Information). The
first-shell data of ZnC-MMP-1 were fitted with 4.5 N/O at an
average distance 2.02 Å, including 3 His ligands per Zn(II). This
bond length is shorter than would be expected for a
homogeneous five-coordinate site and longer than the value of
1.98 Å seen for the structural site mutant. Inclusion of another
longer-range scattering interaction significantly improved the fit
residual, but the EXAFS could not clearly identify it (see Table S4
of the Supporting Information). On the basis of the crystal
structure,42 a Zn−C interaction would be most likely at 2.49 Å,
through coordination of the adjacent Glu219 (this fit is shown in
Figure 3). Together with an average bond length that is
intermediate to that expected for an increase in coordination
number, this suggests there could be a mixture of different Zn(II)
centers in ZnC-MMP-1.
EXAFS of the CoCZnS analogue provides independent

characterization of each metal site, in the same sample. Zinc K-

edge EXAFS shows a metal site that is very similar to that of the
ZnS-MMP-1 mutant, with 4 N/O donors at 2.00 Å, including 3
His ligands and insignificant improvement in the fit upon
inclusion of a second-shell carbon scatterer (Figure S5 and Table
S5 of the Supporting Information). Meanwhile, Co K-edge XAS
of the same sample shows a substantially longer average first-shell
bond length (2.08 Å), consistent with a five-coordinate mixedN/
O coordination sphere (Figure S6 and Table S6 of the
Supporting Information). Separate shells of 2 O and 3 N lead
to a more visually satisfying fit, and a 53% reduction in the fit
residual. The separation in the refined distances of 1.96 Å (Co−
O) and 2.13 Å (Co−N) is greater than the minimal resolution in
the data (ΔR = 0.14 Å), justifying the use of multiple shells.
Examination of the Co XANES further supports an average
coordination number in the CoCZnS analogue higher than that of
CoCCoS-MMP-1, based on a substantial reduction in 1s → 3d
transition intensity (Figure S7 of the Supporting Information).
Together, the Zn and Co K-edge XAS support description of the
mixed-metal analogue as a homogeneous CoCZnS-MMP-1.

Optical Spectroscopy of Co(II)-Substituted MMP-1
Analogues. UV−visible spectra for the four Co(II)-containing
analogues (CoCCoS, CoC, CoS, and CoCZnS) of MMP-1 are
shown in Figure 4. The fully Co(II)-substituted enzyme

(CoCCoS-MMP-1, solid line in Figure 4) shows a set of ligand-
field transitions with maxima at 533, 555, and 589 nm, whose
intensity is suggestive of four coordination (ε = 389, 435, and 373
M−1 cm−1, respectively).43−46 Examination of the Co(II)-
substituted mutants suggests that nearly all of the ligand-field
intensity can be attributed to Co(II) in the structural site. While
CoS-MMP-1 showed a spectrum nearly identical to but slightly
weaker than that of the dicobalt wild type, the spectrum of CoC-
MMP-1 (dotted line in Figure 4) showed no discernible ligand-
field bands. The peak at 415 nm in the CoS-MMP-1 spectrum is
most likely due to a small amount of Co(III) (<5%).47,48

The optical spectrum of the CoCZnS analogue agrees with the
mutant spectra shown above, showing only very weak, poorly
resolved ligand-field transitions (εmax ∼ 120 M−1 cm−1). Overall,
the optical spectra are consistent with the XAS, suggesting that
the structural site metal ion remains four-coordinate in all cases,
while Co(II) occupying the catalytic site is five/six-coordinate.
The difference between CoC-MMP-1 and CoCZnS-MMP-1
suggests the catalytic metal may pick up an extra water molecule
in the absence of metal in the structural site. These data lend
further support to the description of CoCZnS-MMP-1 as being

Figure 3. Fourier transforms of MMP-1 EXAFS () and their best fits
(○). See Table 3 and Figures S1−S6 and Tables S1−S6 of the
Supporting Information for details.

Table 3. Best Fits to EXAFS of MMP-1 Analoguesa

species model RM-N/O fit

ZnCZnS-MMP-1 4.5 N/O (3 His) 2.01 S1-3
CoCCoS-MMP-1 4.5 N/O (3 His) 2.03 S2-3
ZnS-MMP-1 4 N/O (3 His) 1.98 S3-2
ZnC-MMP-1 4.5 N/O (3 His) 2.02 S4-3
CoCZnS-MMP-1
(Zn)

4 N/O (3 His) 2.00 S5-2

CoCZnS-MMP-1
(Co)

5 N/O (3 His), 2 O + 3 N
(3 His)

2.08, 1.95 (O),
2.13 (N)

S6-3

aSee Figures S1−S6 and Tables S1−S6 of the Supporting Information
for detailed fitting results.

Figure 4.Optical spectra of CoCCoS-MMP-1 (thick solid line), CoCZnS-
MMP-1 (thin solid line), CoC-MMP-1 (dotted line), and CoS-MMP-1
(dashed line).
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uniformly loaded with Co(II) in the catalytic site and Zn(II) in
the structural site and suggest the resting catalytic metal ion is
five-coordinate.
NMR Spectroscopy of Co(II)-Substituted MMP-1 Ana-

logues. 1H NMR spectroscopy was used to probe the ligand
environments in the Co(II)-substituted analogues (Figure 5 and

Figure S8 of the Supporting Information). Fully substituted
CoCCoS-MMP-1 shows a number of signals, both broad and
sharp, spanning 100 to −20 ppm. At least five signals (at 83, 78,
66, 62, and 47 ppm,marked with asterisks in Figure 5) are solvent
exchangeable and can be readily assigned to the NH protons of
Co(II)-bound histidine side chains (the H2O/D2O comparisons
are presented in Figure S8A of the Supporting Information). The
NMR spectrum of CoS-MMP-1 is strikingly similar to that of
CoCCoS-MMP-1, lacking the exchangeable intensity at 83 and 78
ppm. On the basis of the crystal structure,42 the three remaining
exchangeable resonances must represent the δ-NH protons on
His168 and His183, and the ε-NH proton of His196 at the
structural site, although we cannot at present distinguish them.
The signals at 36 and 30 ppm can be assigned to either an ε-CH
proton of one or more imidazoles or the β-CH2 proton of
His196, either of which is expected to exhibit line widths similar
to those of their associated NH protons.49,50 The two sharper
signals at 39 and 23 ppm are tentatively assigned to the geminal
β-CH2 protons of Asp170, which would suggest dissimilar O−
C−C−H dihedral angles,50 again consistent with the crystal
structure.49−51

In contrast, the 1H NMR spectrum of CoC-MMP-1 was very
weak at room temperature (Figure S8A of the Supporting
Information), showing a broad set of resonances between 25 and
125 ppm. Four distinct features at 83, 78, 65, and 51 ppm
disappeared in D2O. The 51 ppm resonance is prominent in the
CoS-MMP-1 spectrum, and we believe its appearance here
indicates a small amount of metal bound at the structural site. An
additional sharp resonance, not seen in any of the other
analogues, is observed at ∼90 ppm at elevated temperature
(Figure S8B of the Supporting Information). Though weak, the
CoC-MMP-1 NMR spectrum is consistent with the salient
structural features being retained in this analogue and may
indicate fluxional structure in the absence of a structural metal
ion. The 1H NMR spectrum of CoCZnS-MMP-1 similarly
showed solvent exchangeable signals at 83, 78, 66, and 61 ppm
(partially matching those of CoC-MMP-1). These signals shift
upfield when the temperature is increased (Figure S8B of the
Supporting Information) and are attributed to theNHprotons of
the three Co(II)-bound histidines from the catalytic site, with a

small contaminant fromCo(II)-bound histidines at the structural
site being responsible for the 66 ppm resonance [supported by
EPR (see below)]. Together, the NMR spectra support the
assertion that CoCZnS-MMP-1 is largely homogeneous.

EPR Spectroscopy of Co(II)-Substituted MMP-1 Ana-
logues. The EPR spectrum of wild-type CoCCoS-MMP-1 is
complex, appearing to contain at least two signals that can be
attributed to MMP-bound high-spin Co(II) (Figure 6). Given

the structural heterogeneity seen in CoC-MMP-1, we did not
pursue EPR of this analogue. However, CoS-MMP-1 was shown
to be well-behaved, and the sharp low-field feature observed in
the CoCCoS-MMP-1 spectrum dominates the spectrum of CoS-
MMP-1. In contrast, the low-temperature, low-power EPR
spectrum of CoCZnS-MMP-1 showed a signal that was
dominated by the broad component of the CoCCoS-MMP-1
EPR spectrum. A very small contribution from the sharp feature
can be seen at elevated power, consistent with the suggestion of
some incorporation of Co(II) into the structural site. Although
these signals are difficult to quantitate, simple integration
suggests <5% of the Co(II) is found in the structural site. The
comparison in Figure 6 provides strong support for the
description of CoCZnS-MMP-1 as being largely homogeneous.
Both line shapes have been seen in EPR studies of high-spin

Co(II) in proteins,52−55 and both can easily be reproduced
assuming an effective S′ = 1/2, with observed g tensors [g1,2,3] =
[6.31, 2.14, 1.54] for CoS-MMP-1 and [6.29, 3.45, 2.30] for
CoCZnS-MMP-1. A simple Rhombogram analysis37 shows that
both sets of g values can be obtained by assuming S = 3/2 andMS
= ±1/2, with an isotropic greal and large E/D (2.28 and 0.31 for
CoS-MMP-1 and 2.51 and 0.20 for CoCZnS-MMP-1, respec-
tively), and indeed, the spectra can be simulated in this way
(Figure S9 of the Supporting Information). While neither value
of greal is physically meaningful, the ability to match the observed
g values using any isotropic greal precludes an appreciably axial g
tensor. This suggests rhombicity in greal, further precluding
determination of a unique set of spin Hamiltonian parameters
and any deeper analysis.

Stopped-Flow Fluorescence Kinetic Studies. To probe
the reaction mechanism, stopped-flow fluorescence studies were
performed on ZnCZnS-MMP-1 and CoCZnS-MMP-1 with the
substrate DNP-Pro-Leu-Ala-Leu-Trp-Ala-Arg-OH at 23 °C. The
kinetic traces contained two phases (Figure 7), a rapid
fluorescence decay followed by a slower return phase. The
MMP-1 construct employed here bears three Trp residues,
Trp109 (14.8 Å from the catalytic metal ion), Trp 141 (10.1 Å),
and Trp203 (11.5 Å). We attribute the fluorescence changes to

Figure 5. 200 MHz 1H NMR of CoCCoS-, CoS-, and CoCZnS-MMP-1.
Solvent exchangeable protons are marked with asterisks. Figure 6. X-Band EPR spectra of CoCCoS-MMP-1 (A, 0.2 mW), CoS-

MMP-1 (B, 2 mW), and CoCZnS-MMP-1 (C, 0.02 mW). The signal
near 3400 G is due to a small Cu(II) impurity.
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Trp141, which has been shown to move up to 0.5 Å upon
inhibitor binding.42,56,57 There is no quenching of fluorescence
observed when 1 mM enzyme is mixed with 10 mM product
(Figure S10 of the Supporting Information), showing the DNP
group alone cannot quench the fluorescence of Trp141,
suggesting the fluorescence changes we observe are catalytically
relevant. The progress curves were fitted using the kinetic
mechanism in Scheme 2 (Figure 7), and the microscopic rate
constants obtained are summarized in Table 4. The values of k1

for both ZnCZnS-MMP-1 and CoCZnS-MMP-1 are at least 3
orders magnitude lower than the diffusion control limit (>1000
μM−1 s−1), suggesting that desolvation or large rearrangement is
required before the activatedMichaelis complex is formed.58 The
values for k2, corresponding to the return of fluorescence, would
then reflect either product release or bond breaking, and
experiments are underway to test this further.

■ DISCUSSION
MMPs play an important role in both physiological regulation
(skeletal remodeling, wound healing, bone resorption, tissue
turnover, and repair) and pathological processes (cancer,
arthritis, and cardiovascular disease).59,60 These validated
therapeutic targets have been intensively studied for more than
two decades,61 yet clinical trials of MMP inhibitors have been
unsuccessful for a variety of reasons, including missing their drug
targets, lack of selectivity, low efficacy, and dramatic side
effects.62,63While it has been recognized in the past that a Co(II)-
substituted MMP could be used to investigate inhibitor
binding,24−26 the presence of two metal sites, only one of
which is catalytic, complicates any spectroscopic studies of
uniformly substituted enzymes.

To differentiate the spectroscopic characteristics of the
catalytic and structural metal ions, His → Ala mutants were
prepared and characterized with optical, EXAFS, NMR, and EPR
spectroscopies. The CoS-MMP-1 analogue only binds metal at
the structural Zn(II) site, supported by the spectroscopic data.
The relatively short average bond lengths for both the Zn(II) and
Co(II) forms as well as the large extinction coefficient of the
ligand-field transitions support a pseudotetrahedral metal site in
this analogue, consistent with available crystal structures.22 In
contrast, the analogue lacking metal in the structural Zn(II) site
does not appear to be completely viable. CD and fluorescence
spectroscopy strongly suggest that MC-MMP-1 has significantly
altered secondary and tertiary structure, and it shows 4-fold lower
activity. EXAFS of the Zn(II)-containing form, and optical and
1H NMR spectroscopies of the Co(II) form, indicate altered
M(II) centers in MC-MMP-1. The residual activity of the MC-
MMP-1 mutant suggests conformational flexibility at the
catalytic site, consistent with the relatively weaker response of
the Co(II) enzyme in solution NMR and UV−vis. The similarity
of the CoS-MMP-1 optical and NMR spectra and those of
CoCCoS-MMP-1 suggests that some amount of this conforma-
tional flexibility is retained in the fully loaded enzyme, consistent
with the kinetic observation of a large reorganization following
substrate binding. Under these constraints, metal bound at the
structural Zn(II) site would serve to shift the catalytic site’s
conformational equilibrium toward more catalytically competent
geometries, rather than simply fixing it into a single
conformation.
Regardless of their functional significance, the mutants were

critical to deconvolution of the spectra recorded for the CoCCoS
and CoCZnS analogues. Selectively introducing Co(II) into the
catalytic site, without removing the structural Zn(II) ion, allowed
for preparation and characterization of the mixed-metal CoCZnS-
MMP-1. Similar analogues of MMP-3 and MMP-7 were
previously reported.21,25 These analogues were prepared using
phenanthroline to chelate Zn(II) from the catalytic site, and it
was assumed that the structural Zn(II) site was not accessible to
the chelator.21,24,25 The ratios of Co to Zn in CoCZnS-MMP-3
and -7 were both reported to be approximately 1:1, but no
spectroscopic assessment was conducted. We used a slight
modification of this method and were able to obtain a
predominant CoCZnS analogue of MMP-1. CoCZnS-MMP-1
exhibited catalytic constants similar to those of the native ZnCZnS
enzyme. XAS of the mixed-metal enzyme showed a four-
coordinate Zn(II) ion, consistent with metal binding at the
structural site, and a five-coordinate Co(II) ion bound at the
catalytic site. This description is consistent with the weak, broad
ligand-field transitions exhibited by CoCZnS-MMP-1, as well as
its 1H NMR and EPR spectra. Most importantly, access to this
analogue will allow deeper investigation into substrate and/or
inhibitor binding by MMP-1.
Currently, no X-ray structures of an MMP−substrate complex

are available, and most of the mechanistic insights into these
clinically important enzymes have been gleaned from enzyme−
inhibitor X-ray structures. There is a surprising lack of detailed
kinetic studies of MMPs, with only one preceding pre-steady
state kinetic study, onMT1-MMP.64 In the study presented here,
a conformational change was observed, based on fluctuations in
the internal fluorescence of a nearby tryptophan, and this
occurred on a catalytically relevant time scale. The small k1
observed, similar to that seen for MT1-MMP, implies reaction
retardation prior to catalysis, such as exclusion of solvent
concomitant to substrate binding. These steps might be

Figure 7. Stopped-flow fluorescence of mixing excess substrate with 1
μMZnCZnS-MMP-1 (top) or CoCZnS-MMP-1 (bottom). Experimental
spectra (empty symbols) and fits (filled lines). For the sake of clarity,
only 10% of the experimental points are shown.

Table 4. Stopped-Flow Kinetics of ZnCZnS and CoCZnS
Analogues of MMP-1

constanta ZnCZnS CoCCoS

k1 (μM
−1 s−1) 0.35 0.17

k−1 (s
−1) 10.7 5.1

k2 (s
−1) 2.0 2.5

aConstants were globally fitted with Dynafit software using the
mechanism in Scheme 1. Uncertainties in k1, k2, and k3 were ±0.01,
±0.2, and ±0.1, respectively.
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particularly energetically expensive when considering the natural
substrates of MMPs, which are much larger than the synthetic
peptides studied here in vitro. Whether the natural substrates,
significantly larger in size, will be mechanistically similar to the
small synthetic peptides is an aspect ofMMP catalysis that we can
now examine using pre-steady state kinetics. Experiments to
explore the scope of substrate specificity in this manner are
underway.
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metalloproteinases: Fold and function of their catalytic domains.
Biochim. Biophys. Acta 1803, 20−28.
(4) Gross, J., and Lapiere, C. M. (1962) Collagenolytic activity in
amphibian tissues: A tissue culture assay. Proc. Natl. Acad. Sci. U.S.A. 48,
1014.
(5) Kadler, K. E., Baldock, C., Bella, J., and Boot-Handford, R. P.
(2007) Collagens at a glance. J. Cell Sci. 120, 1955−1958.

(6)Manka, S.W., Carafoli, F., Visse, R., Bihan, D., Raynal, N., Farndale,
R. W., Murphy, G., Enghild, J. J., Hohenester, E., and Nagase, H. (2012)
Structural insights into triple-helical collagen cleavage by matrix
metalloproteinase 1. Proc. Natl. Acad. Sci. U.S.A. 109, 12461−12466.
(7) Bertini, I., Fragai, M., Luchinat, C., Melikian, M., Toccafondi, M.,
Lauer, J. L., and Fields, G. B. (2012) Structural basis for matrix
metalloproteinase 1-catalyzed collagenolysis. J. Am. Chem. Soc. 134,
2100−2110.
(8) Bode, W. (1995) A helping hand for collagenases: The
haemopexin-like domain. Structure 3, 527−530.
(9) Herrera, I., Cisneros, J., Maldonado, M., Ramírez, R., Ortiz-
Quintero, B., Anso, E., Chandel, N. S., Selman, M., and Pardo, A. (2013)
Matrix metalloproteinase (MMP)-1 induces lung alveolar epithelial cell
migration and proliferation, protects from apoptosis, and represses
mitochondrial oxygen consumption. J. Biol. Chem. 288, 25964−25975.
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