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Summary

Fibroblast collagenase (MMP-1), a 169-residue protein with a molecular mass of 18.7 kDa, is a matrix
metalloproteinase which has been associated with pathologies such as arthritis and cancer. The assign-
ments of the 1H, 15N, 13CO and 13C resonances, determination of the secondary structure and analysis
of 15N relaxation data of the inhibitor-free catalytic fragment of recombinant human fibroblast colla-
genase (MMP-1) are presented. It is shown that MMP-1 is composed of a β-sheet consisting of five β-
strands in a mixed parallel and antiparallel arrangement (residues 13–19, 48–53, 59–65, 82–85 and 94–99)
and three α-helices (residues 27–43, 112–124 and 150–160). This is nearly identical to the secondary
structure determined from the refined X-ray crystal structures of inhibited MMP-1. The major difference
observed between the NMR solution structure of inhibitor-free MMP-1 and the X-ray structures of
inhibited MMP-1 is the dynamics of the active site. The 2D 15N-1H HSQC spectra, the lack of informa-
tion in the 15N-edited NOESY spectra, and the generalized order parameters (S2) determined from 15N
T1, T2 and NOE data suggest a slow conformational exchange for residues comprising the active site
(helix B, zinc ligated histidines and the nearby loop region) and a high mobility for residues Pro138-Gly144

in the vicinity of the active site for inhibitor-free collagenase. In contrast to the X-ray structures, only
the slow conformational exchange is lost in the presence of an inhibitor.

Introduction

Fibroblast collagenase (MMP-1) is a member of the
matrix metalloproteinase (MMP) family, which includes
the collagenases, stromelysins and gelatinases (Woessner,
1991; Morphy et al., 1995; Ries and Petrides, 1995).
These enzymes require zinc and calcium for activity
(Lowry et al., 1992; Feng et al., 1995; Springman et al.,
1995) and are modular with both propeptide and catalytic
domains being common to the entire family (Goldberg et
al., 1986; Muller et al., 1988). The physiological function
of these enzymes is the degradation of the extracellular
matrix which is associated with normal tissue remodeling
processes such as pregnancy, wound healing and angio-
genesis (Woessner, 1991). Because of the degradative
nature of these enzymes, the MMPs are highly regulated

by either specific inhibitors (tissue inhibitor of metallo-
endoproteases – TIMP), by cleavage of the inactive pro-
enzyme or by transcription induction or suppression (Ries
and Petrides, 1995). A number of biochemical stimuli
including cytokines, hormones, oncogene products and
tumor promoters affect the synthesis and activation of
MMPs. Therefore, the MMPs have been implicated in a
variety of diseases caused by uncontrolled matrix degra-
dation, including tumor metastasis, osteoarthritis and
rheumatoid arthritis, corneal ulceration and periodontitis
(Grymes et al., 1993). As a result, the MMPs are a prime
target for structure-based drug design.

There have been a number of X-ray and NMR struc-
tures solved for the MMPs’ catalytic domain complexed
with a variety of inhibitors (Gooley et al., 1993,1994,
1996; Van Doren et al., 1993,1995; Bode et al., 1994;
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Borkakoti et al., 1994; Lovejoy et al., 1994a; Spurlino et
al., 1994; Stams et al., 1994; Becker et al., 1995; Feng et
al., 1995; Botos et al., 1996; Broutin et al., 1996) and a
crystal structure of collagenase complexed to itself (Love-
joy et al., 1994b). However, because of the proteolytic
nature of these enzymes and the resulting self-cleavage
and degradation, structural information of inhibitor-free
MMPs is not readily available. Since valuable structural
information can be obtained from understanding any
conformational change induced in the enzyme upon inhib-
itor binding, a structural program to determine the high-
resolution NMR solution structure of inhibitor-free colla-
genase was initiated.

Here, we report the near-complete 1H, 15N, 13CO and
13C assignments of the spectrum of the inhibitor-free
catalytic fragment of human fibroblast collagenase
(MMP-1) from a series of 3D triple-resonance experi-
ments. These assignments have led to the determination
of the solution secondary structure for MMP-1 based on
NOE data involving the NH, Hα and Hβ protons as well
as 3JHNα coupling constants, amide exchange and 13Cα and
13Cβ secondary chemical shifts and the analysis of the
dynamics of MMP-1 based on order parameters (S2)
determined from 15N T1, T2 and NOE data. Three crystal
structures have been reported for MMP-1 bound to inhib-
itors, where the protein is composed of a five-stranded β-
sheet and three α-helices and the inhibitor is bound to the
catalytic zinc in the active site. Comparison between the
NMR secondary structure and the refined X-ray struc-
tures indicates nearly identical secondary structures; how-
ever, a region near the active site in the inhibitor-free
NMR structure is highly mobile and residues comprising
the active site appear to undergo slow conformational
exchange which is lost upon binding an inhibitor.

Materials and Methods

Expression of recombinant 15N- and 13C/15N-labeled MMP-1
A 169-residue C-terminally truncated human fibroblast

collagenase (MMP-1) was expressed in E. coli. The coding
sequence of a C-terminally truncated procollagenase was
amplified by PCR from the plasmid, pNOT-3A, that
contains the entire coding sequence of MMP-1 (Goldberg
et al., 1986). The PCR primers contained the appropriate
restriction sites for ease of cloning. The construct codes
for a truncated proMMP-1 with an N-terminal methio-
nine added and a C-terminal proline at residue 250 of the
native proMMP-1 sequence. The PCR amplified DNA
fragment was then cloned into pET-21a(+) vector at the
Nde I/Sal I sites, resulting in a recombinant plasmid
designated as mCL-t. E. coli bacteria, BL21(DE3), con-
taining the plasmid mCL-t, were grown in LB broth
supplemented with 100 mg/ml ampicillin. An overnight
culture was diluted 1:20 and grown at 37 °C to an A600 of
0.6–0.8 with vigorous shaking. Isopropyl β-D-thiogalacto-

side (IPTG) was added to a final concentration of 1 mM
and cultures were shaken for 3 h at 37 °C. The cells were
harvested by centrifugation (7000 × g for 20 min) at 4 °C,
washed with PBS and frozen at −70 °C.

Uniform 15N- and 13C-labeled mCL-t was obtained by
growing BL21(DE3) E. coli in defined media containing
2.0 g/l [13C6,98%+]D-glucose and 1.25 g/l [15N,98%+]am-
monium chloride as the sole carbon and nitrogen sources,
respectively. In addition, the defined media contained M9
salts (Sambrook et al., 1989), trace elements, vitamins and
100 µg/ml ampicillin. Conditions for induction and
growth were the same as above.

Purification of recombinant 15N- and 13C/15N-labeled
MMP-1

MMP-1 was purified according to Spurlino et al.
(1994) with modifications as follows. Frozen cell pellets
were thawed on ice. Cells were resuspended by homo-
genization in lysis buffer (0.1 M Tricine, pH 8.0, 10 mM
EDTA, 2 mM DTT, 0.2 mM PMSF) and lysed by treat-
ment with lysozyme (1 mg/ml final) at room temperature
for 30 min. The lysate was incubated at 37 °C for 15 min
in the presence of 0.5% Brij-35, 20 mM MgCl2 and 20
µg/ml Dnase I. The lysate was centrifuged at 48 000 × g
for 20 min and the above treatment was repeated on the
resultant pellets. The final pellet was washed twice with
50 mM Tricine, pH 7.5, 0.2 M NaCl, 10 mM CaCl2,
0.02% NaN3, 2.0 mM DTT, 0.2 mM PMSF, resuspended
in fresh urea buffer (20 mM Tricine, pH 7.5, 6 M urea, 5
mM CaCl2, 0.02% NaN3) plus 2 mM DTT and incubated
at room temperature for 1 h. The urea solubilized protein
was centrifuged at 48 000 × g for 45 min and the resultant
supernatant was filtered and applied to a Mono-Q anion
exchange column equilibrated in urea buffer. The column
was washed with urea buffer and eluted with a 0–0.25 M
NaCl linear gradient. Fractions containing proMMP-1
were detected by SDS-PAGE, pooled and quickly diluted
into 10-fold excess of renaturing buffer (50 mM Tricine,
pH 7.5, 0.4 M NaCl, 10 mM CaCl2, 0.1 mM ZnOAc2,
0.02% NaN3). After 2 days of dialysis against 25 volumes
of renaturing buffer (with three changes), refolded proCL-
t was concentrated to about 4 mg/ml in a Centriprep 10
concentrator. The sample was aliquotted and stored at
−70 °C. ProCL-t was activated to mCL-t (mature CL-t)
by an overnight incubation at 37 °C in the presence of 1
mM p-aminophenylmercuric acetate (APMA). The acti-
vated protein is then applied to a Superdex-75 16/60 gel
filtration column equilibrated in 2.5 mM Tris-HCl, pH
7.5, 5 mM CaCl2, 0.4 M NaCl, 0.02% NaN3 and 0.05
mM ZnOAc2. The protein is eluted and fractions contain-
ing mCL-t were identified by SDS-PAGE. Peak fractions
were pooled and the protein was concentrated in a Cen-
triprep 3 concentrator to about 7 mg/ml and stored at
−70 °C. N-terminal amino acid sequencing was performed
to confirm the protein’s identity. The uniform 15N and 13C
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labeling of mCL-t was confirmed by MALDI-TOF mass

TABLE 1
ACQUISITION PARAMETERS FOR NMR EXPERIMENTS ON MMP-1

Experiment Nucleus No. of complex points Spectral width (ppm) Reference (ppm)

F1 F2 F3 F1 F2 F3 F1 F2 F3 F1 F2 F3

T1, T2, NOE HSQC 15N 1H 160 512 28.35 13.44 115.2 004.75
CBCA(CO)NH 13C 15N 1H 052 032 512 55.97 28.35 13.44 047.0 115.2 4.75
CBCANH 13C 15N 1H 052 032 512 55.97 28.35 13.44 047.0 115.2 4.75
C(CO)NH 13C 15N 1H 052 032 512 55.97 28.35 13.44 047.0 115.2 4.75
HBHA(CO)NH 1H 15N 1H 052 032 512 06.67 28.35 13.44 004.75 115.2 4.75
HC(CO)NH 1H 15N 1H 052 032 512 06.67 28.35 13.44 004.75 115.2 4.75
HNHA 1H 15N 1H 048 021 512 09.50 27.59 13.44 004.75 115.2 4.75
HNCO 13C' 15N 1H 064 032 512 12.00 21.92 13.44 177.0 115.2 4.75
HCACO 13C' 13C 1H 064 015 512 12.00 15.06 08.42 177.0 056.0 4.75
HNCA 13C 15N 1H 054 032 512 31.86 28.35 13.44 054.0 115.2 4.75
HCCH-COSY 1H 13C 1H 128 022 256 08.42 20.71 08.42 002.6 043.0 2.6
HCCH-TOCSY 1H 13C 1H 128 032 256 08.42 20.71 08.42 002.6 043.0 2.6
15N-edited NOESY 1H 15N 1H 128 032 512 13.44 28.35 13.44 004.75 115.2 4.75
13C-edited NOESY 1H 13C 1H 128 032 512 09.16 20.71 09.16 004.0 064.0 4.00

spectrometry.

Effects of pH and buffer composition on MMP-1 activity
Studies on the effect of pH on MMP-1 activity were

performed using 10 mM Bis-Tris buffer with 5 mM
CaCl2, 100 mM NaCl, 0.1 mM ZnCl2 and 2 mM NaN3,
at pH values 7.5, 7.0, 6.5 and 6.0. Activities of the en-
zyme in either 10 mM Bis-Tris or Tris-base with the
additional components listed above were compared at pH
values 7.5 and 7.0. In addition, the enzyme activity was
monitored in the presence of DTT (0–10 mM) with an
enzyme concentration range of 28–81 nM. Enzyme activ-
ity was assessed in a kinetic assay using nonlabeled re-
combinant MMP-1 described above and a peptide sub-
strate (Weingarten and Feder, 1985).

NMR sample preparation
Samples of 13C/15N- and 15N-labeled collagenase in 90%

H2O/10% D2O were prepared by concentration and buffer
exchange using Millipore Ultrafree-10 centrifugal filters.
Protein was exchanged into a buffer containing 10 mM
deuterated Tris-base, 100 mM NaCl, 5 mM CaCl2, 0.1
mM ZnCl2, 2 mM NaN3, 10 mM deuterated DTT, 90%
H2O/10% D2O and pH 6.5. 13C/15N-labeled collagenase in
100% D2O was prepared similarly until the H2O concen-
tration was about 10 mM. Sample concentrations were 1
mM determined spectrophotometrically using an extinc-
tion coefficient of 24 800 M−1 cm−1 at 280 nm. Sample
conditions were identical for the collagenase–inhibitor
complex (1:1).

DTT was required for stability of the NMR sample
even though the protein does not contain any cysteines.
When DTT was omitted, the protein was highly aggre-
gated. However, in the presence of 10 mM DTT no signs
of aggregation were observed.

NMR spectroscopy
All NMR spectra were recorded at 35 °C on a Bruker

AMX600 spectrometer equipped with a triple-resonance
gradient probe. The water suppression technique was
either presaturation during the recycle delay or gradient
water suppression via the WATERGATE sequence and
homo-spoil pulses (Bax and Pochapsky, 1992; Sklenář et
al., 1993). Quadrature detection in the indirectly detected
dimensions was obtained in all cases using the TPPI-
States method (Marion et al., 1989a).

Spectra were processed using the NMRPipe software
package (Delaglio et al., 1995) and analyzed with PIPP
(Garrett et al., 1991), NMRPipe and PEAK-SORT, an
in-house software package. When appropriate, data pro-
cessing included a solvent filter, zero-padding of the data
to a power of 2, linear predicting back one data point of
indirectly acquired data to obtain zero (zero and first
order) phase corrections, and linear prediction of addi-
tional points for the indirectly acquired dimensions to
increase resolution. Linear prediction by means of the
mirror image technique was used only for constant-time
experiments. In all cases, data were processed with a
skewed sine-bell apodization function and one zero-filling
was used in all dimensions.

Peak heights were automatically assigned for each
residue in all 2D spectra after semiautomatically peak
picking one 2D spectrum using NMRPipe. T1 and T2

values were determined by fitting the measured peak
heights to the two-parameter profile I(t) = I0 exp(−t/Tn).
The Levenberg–Maquardt algorithm (Press et al., 1986)
was used to determine the optimum values of Tn by mini-
mizing the goodness of fit parameter, χ2 = Σ(Ic(t) − Ie(t))

2/σ,
where Ic(t) are the intensities calculated from the fitting
parameters, Ie(t) are the experimental intensities and σ is
the standard deviation of the experimental intensities. The
standard deviation was set to the root-mean-square base-
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line noise in the spectra as determined from NMRDraw.
Uncertainties in the T1 and T2 measurements were ob-
tained from the covariance matrix generated in the Leven-
berg–Maquardt algorithm and were used in the Monte
Carlo simulation for determining the standard deviations
for fitting parameters (Kamath and Shriver, 1989; Palmer
et al., 1991; Farrow et al., 1994).

The steady-state NOE values were determined from the
ratios of the intensities of the peaks with and without
proton saturation. The standard deviation of the NOE
value was determined by the baseline noise (Farrow et al.,
1994). The overall correlation time was determined by
using residues that had 15N T1/T2 ratios within one stan-
dard deviation and NOE values of greater than 0.6 (Kay
et al., 1989; Clore et al., 1990a; Clubb et al., 1995). Three
models of the spectral density functions were used to
classify five classes of optimized parameters (Kay et al.,
1989; Clore et al., 1990a,b; Farrow et al., 1994). Selection
of the appropriate spectral density function was deter-
mined by initially fitting the data to the simplest spectral
density function and only selecting a more complicated
spectral density function as required to fit the data (Clore
et al., 1990a; Powers et al., 1992a,b; Clubb et al., 1995).

The assignments of the 1H, 15N, 13CO and 13C reson-
ances were based on the following experiments: CBCA-
(CO)NH (Grzesiek and Bax, 1992a), CBCANH (Grzesiek
and Bax, 1992b), C(CO)NH (Grzesiek et al., 1993), HC-
(CO)NH (Grzesiek et al., 1993), HBHA(CO)NH (Grze-
siek and Bax, 1993), HNCO (Grzesiek and Bax, 1992c),
HCACO (Powers et al., 1991), HNHA (Vuister and Bax,
1993), HNCA (Kay et al., 1990), HCCH-COSY (Ikura et
al., 1991) and HCCH-TOCSY (Bax et al., 1990). Table 1
summarizes the acquisition parameters for each of the
experiments used in assigning the backbone and side-
chain assignments for MMP-1 and for the secondary
structure and dynamic analysis.

The secondary structure of MMP-1 is based on NOE
data involving the NH, Hα and Hβ protons from the 15N-
and 13C-edited NOESY-HMQC experiments. The spectra
were collected as described previously with 100 and 120
ms mixing times, respectively (Marion et al., 1989b,c).
3JHNα coupling constants were obtained from the relative
intensity of Hα cross peaks to the NH diagonal in the
HNHA experiment (Vuister and Bax, 1993). Coupling
constants were measured with a scaling factor of 1.1 for
relaxation. Slowly exchanging NH protons were identified
by recording an HSQC spectrum 2 days after exchanging
an MMP-1 sample from H2O to D2O.

The T1 and T2 data for MMP-1 were collected with 32
transients per increment. The T1 inversion recovery times
were 20, 60, 140, 240, 360, 520, 720 and 1200 ms and the
T2 Carr–Purcell–Meiboom–Gill (CPMG) (Meiboom and
Gill, 1958) trains were 8, 24, 40, 56, 72, 104, 152 and 184
ms in duration (Markley et al., 1971; Kay et al., 1992).
The recycle delays for the T1 and T2 experiments were 1.7

and 1.3 s, respectively. Since the NOE measurement re-
quires an equilibrated 15N magnetization for accurate
analysis, the recycle time was extended to more than 6 s
while collecting 48 transients per increment. In the NOE
experiment with presaturation, the proton saturation
period was 3 s. 1H saturation was carried out with the use
of 180° 1H pulses applied every 5 ms.

Results and Discussion

Enzyme activity
Obtaining the NMR assignments, secondary structure

and dynamic data for MMP-1 was dependent on opti-
mizing the conditions of the NMR sample. The obvious
difficulty in determining the NMR structure of inhibitor-
free MMP-1 is the degradation of the NMR sample
caused by self-cleavage of the enzyme. Since structural
information is only relevant for an active enzyme, the
NMR sample conditions must maintain enzyme activity
while slowing down or possibly eliminating degradation
of the enzyme.

The activity and structure of MMP-1 is dependent on
the presence of both zinc and calcium with a stoichio-
metry of two zincs and one calcium (Lowry et al., 1992;
Feng et al., 1995; Springman et al., 1995). Mass spectral
analysis of matrilysin indicates that the metal association
stoichiometry of the free enzyme is dependent on pH
(Feng et al., 1995). At pH 7.0 matrilysin maintains both
zinc metal ions and the enzyme is fully active, while at
pH 6.0 the enzyme only contains one bound zinc sug-
gesting a loss of the catalytic zinc and a diminished activ-
ity. This is also consistent with the observation that both
collagenase and gelatinase exhibit bell-shaped depend-
encies on pH for Vmax and Vmax/Km (Stack and Gray,
1990). A similar effect of pH on the activity of MMP-1
was seen in our laboratory. Reducing the pH of Bis-Tris
buffer from 7.5 to 7.0 to 6.5 to 6.0 resulted in the specific
activity of the enzyme (µmol/(min mg)) dropping from
24.2 to 22.4 to 21.6 to 19.2, respectively. The enzyme
activity was 16% less at pH 7.5 in Tris-base versus Bis-
Tris. Interestingly, the degree of inhibition by a small
molecule inhibitor was not affected by either pH or type
of buffer. However, the nature of the buffer had a signifi-
cant effect on MMP-1’s activity. The protein’s Vmax de-
creased significantly when a phosphate buffer was used.
Apparently, the phosphate was chelating the active-site
zinc and decreasing the enzyme’s activity. In addition, the
effect of DTT on MMP-1 activity was also analyzed. The
specific activity of MMP-1 (28–81 nM) was determined
over a range of DTT concentration (0–10 mM). At a 10:1
ratio of DTT to MMP-1, which is comparable to the
NMR sample, the enzyme was completely active. Only at
a very high DTT to MMP-1 ratio was an effect on
MMP-1 activity observed. These results suggested that the
use of deuterated Tris-base (which is readily available), 10
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mM DTT and a pH of 6.5 for NMR studies would be

A

B

Fig. 1. 1D spectra of MMP-1 at 35 °C with DTT (A) and without DTT (B).

reasonable compromises, resulting in a modest loss of
enzyme activity and retention of the catalytic zinc.

Initial attempts to prepare an NMR sample that main-
tained the appropriate metal stoichiometry (1 mM MMP-
1, 2 mM ZnCl2 and 5 mM CaCl2) resulted in precipitation
of the protein with ZnCl2 concentrations >0.1 mM. It is
important to note that ZnCl2 was not added to the en-
zyme activity measurements described above. Based on
the observations of Gooley et al. (1993), zinc ligation of
the histidine imidazole nitrogens is indicated by the pres-
ence of slowly exchanging imidazole NH protons where
the imidazole nitrogen chemical shifts are in the range of
169–178 ppm. In the case of MMP-1, we observed four
such histidine imidazole correlations in the HSQC spec-
tra, where two correlations were approximately twice as
intense as the remaining correlations, suggesting possible
chemical shift degeneracy. This is consistent with the
presence of two zinc atoms bound to MMP-1 where three
histidine residues are ligated to each zinc atom. The pres-

ence of the catalytic zinc is also consistent with the obser-
vation that an autolysis product is observed over a period
of 1–2 months by the appearance of new random-coil
peaks in the 1H-15N HSQC spectra and that an inhibitor
which binds to the catalytic zinc binds to MMP-1 under
these NMR conditions.

An initial NMR spectrum of MMP-1 was extremely
broadened, which is indicative of protein aggregation.
Increasing the sample temperature or adjusting the ZnCl2

concentration resulted in minimal improvement in the
quality of the NMR spectra. Based on our previous suc-
cess using DTT in improving the quality of the FGF-2
spectra (Moy et al., 1995), 10 mM DTT was added to the
MMP-1 sample. This resulted in a dramatic improvement
in the quality of the NMR spectra (Fig. 1). The mechan-
ism of DTT in inhibiting MMP-1 aggregation is un-
known, but may act similar to glycerol as a protein stabil-
izing agent by decreasing the water activity (Gekko and
Timasheff, 1981a,b). The final NMR sample conditions
of 10 mM Tris-base pH 6.5, 100 mM NaCl, 5 mM CaCl2,
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0.1 mM ZnCl2, 2 mM NaN3 and 10 mM DTT resulted in

Fig. 2. Summary of the sequential and medium-range NOEs involving the NH, Hα and Hβ protons, the amide exchange and 3JHN
α coupling

constant data, and the 13Cα and 13Cβ secondary chemical shifts observed for MMP-1 with the secondary structure deduced from these data. The
thickness of the lines reflects the strength of the NOEs. Amide protons still present 24 h after exchange to D2O are indicated by closed circles. The
filled and open stars indicate 3JHN

α values >8 Hz and <6 Hz, respectively. The open boxes represent potential sequential assignment NOEs that
are obscured by resonance overlap and could therefore not be assigned unambiguously. The gray boxes on the same line as the Hα(i)-NH(i+1)
NOEs represent the sequential NOE between the Hα proton of residue i and the CδH proton of the i+1 proline and are indicative of a trans-proline.

a properly folded and active protein sample which was
stable for approximately 1–2 months at 35 °C.

Resonance assignments
The sequential assignments of MMP-1 essentially fol-

lowed the semiautomated protocol described previously
(Garrett et al., 1991; Powers et al., 1992a,b; Friedrichs et
al., 1994). The assignments were based primarily on the
correlations observed in four triple-resonance experiments
(CBCA(CO)NH, CBCANH, HNHA and HBHA(CO)-
NH) and by residue typing based on Cα and Cβ chemical
shifts (Grzesiek et al., 1993; Grzesiek and Bax, 1993) and
verified by the correlations observed in the HCACO,
HNCO and HNCA experiments and by the NOE pat-
terns in the 15N-edited NOESY spectra. The 13C and 1H
side-chain assignments were based on a combination of

correlations observed from the CBCA(CO)NH, HBHA-
(CO)NH, C(CO)NH, HC(CO)NH and the HCCH-COSY
experiments, where the aromatic side-chain assignments
were obtained from the 3D 13C-edited NOESY spectrum
from intraresidue NOEs from the aromatic ring protons
to the Hα and Hβ protons and the amide side-chain as-
signments of asparagine and glutamine were obtained
from the intraresidue NOEs from the NH2 protons to the
Hβ and CγH protons in the 3D 15N-edited NOESY spec-
trum.

In general, the sequential assignments for MMP-1 were
relatively straightforward because of the high quality of
the NMR spectra. There were two minor obstacles to
overcome in order to complete the MMP-1 assignments:
(i) there were a total of 11 prolines in the sequence which
were closely clustered, resulting in short (1–3) intervening
sequences; and (ii) a lack of data for residues Phe142–
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Gly144 made the assignments in this region problematic.

Fig. 3. Secondary structure elements of MMP-1 as determined from qualitative analysis of the NOE and amide exchange data. The β-strands are
indicated on the left by Roman numerals and the residue number range. Interstrand NOEs derived from the 3D 15N- and 13C-edited NOESY
spectra are indicated by arrows, and slowly exchanging amide protons are boxed. The hydrogen bonds deduced from these data are shown as
broken lines.

Particularly, no cross peaks were observed in the 2D 1H-
15N HSQC spectra or in any 3D NMR spectra based on
NH correlations, but spin systems were observed in the
HCCH-COSY and 13C-edited NOESY spectra. Therefore,
the assignments in these regions were completed by elim-
ination, i.e. Phe142 and Ser143 were assigned from the re-
maining phenylalanine and serine spin systems in the
HCCH-COSY spectra. The accuracies of these assign-
ments were verified by consistency with the structure
refinement of MMP-1 using the 15N- and 13C-edited
NOESY spectra. The 1H, 15N, 13C and 13CO sequential
resonance assignments are provided in Table S1 (supple-
mentary material) and are deposited in the BioMagRes
Databank (Seavey et al., 1991).

Secondary structure
The regular secondary structure elements of MMP-1

were identified from a qualitative analysis of sequential
and interstrand NOEs, NH exchange rates, 3JHNα coupling
constants (Clore and Gronenborn, 1989) and the 13Cα and
13Cβ secondary chemical shifts (Spera and Bax, 1991).
These data, together with the deduced secondary structure

elements, are summarized in Fig. 2. The sequential and
medium-range NOEs were obtained from a qualitative
analysis of the 15N- and 13C-edited NOESY spectra, where
box heights are related to peak intensity. 3JHNα coupling
constants were measured for 143 of the 152 assigned non-
proline residues, and 68 of the 152 assigned non-proline
amide protons were identified as very slow exchanging
amide protons.

It is apparent from the data in Figs. 2 and 3 that the
MMP-1 structure is composed of a five-stranded mixed
parallel and antiparallel β-sheet (where strand I extends
from residues 13 to 19, strand II from 48 to 52, strand III
from 59 to 65, strand IV from 82 to 85 and strand V
from 94 to 99) and three α-helices (where helix A corre-
sponds to residues 27–43, helix B corresponds to residues
112–123 and helix C corresponds to residues 150–160).

Comparison of the NMR and X-ray structure
Comparison of the solution NMR secondary structure

of inhibitor-free MMP-1 with the X-ray crystal structures
of MMP-1 complexed with inhibitors indicates essentially
the same secondary structure (Borkakoti et al., 1994;
Lovejoy et al., 1994a; Spurlino et al., 1994). Helix A and
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β-strand I are one residue longer in the NMR structure

A

B

Fig. 4. Expanded region of the 1H-15N HSQC spectra of (A) free
MMP-1 and (B) inhibited MMP-1. Residues with double peaks in the
free spectra are labeled.

and β-strand V starts at residue 95 and ends at residue 98
in the X-ray structure compared to residues 94 and 99 in
the NMR structure.

An X-ray structure of MMP-1 in the absence of an
inhibitor has also been reported (Lovejoy et al., 1994b).
This structure is unique because MMP-1 forms a dimer
where the active site is occupied with the N-terminus of
its neighbor such that L2 ligates the catalytic zinc, T3 is
buried in the hydrophobic P1' pocket and E4 and G5 are
in an extended conformation filling the remainder of the
active site. Apart from the N-terminus, the rms deviation
between MMP-1 in the dimer form and other inhibited
MMP-1 X-ray structures is very low. It is quite clear that
the X-ray structure of the MMP-1 dimer complex should
be treated as a unique inhibited complex and not as a
structure of inhibitor-free MMP-1. Also, the MMP-1
dimer structure does not suggest that the active form of
MMP-1 is a dimer; in fact, it might suggest that MMP-1
dimer formation may inhibit MMP-1 activity. Since the
evidence indicates that DTT does not affect MMP-1
activity, the current study represents unique information
on the structure of inhibitor-free MMP-1 where the use

of DTT to prevent MMP-1 dimerization or aggregation
is not forcing the protein into an unnatural and irrelevant
state as evident by the activity of the protein.

From the X-ray structures of MMP-1, the active site
is formed by β-strand IV, helix B and a random-coil
region to the C-terminus of helix B where the catalytic
zinc is ligated by His118, His122 and His128 (Borkakoti et
al., 1994; Lovejoy et al., 1994a,b; Spurlino et al., 1994).
From an analysis of the NMR data for ligand free MMP-
1, it appears that a major effect an inhibitor may have on
the MMP-1 structure is a modification of the local mobil-
ity. This is apparent from the observation that a number
of residues which comprise the MMP-1 active site appear
as doublets in the 1H-15N HSQC spectra and this doublet
characteristic disappears in the presence of an inhibitor
(Figs. 4 and 5). These residues correspond to His96, Trp103,
Leu112, Val115, Ala116, His118, Glu119, Gly121, His122, Leu124,
Gly125, His128, Thr130, Asp131, Ile132, Leu135 and Thr141. The
observed doublets in the 1H-15N HSQC spectra might be
the result of a slow conformational change in the active
site that results in a concerted motion of helix B (112–
123), the zinc ligated histidines (118,122,128) and the
nearby loop region. This may explain why Trp103 and
His96 are affected since the side chain of Trp103 and the
backbone of His96 are in close proximity to helix B in the
X-ray structure and would follow the motion of helix B.
If the hinge point of this motion is the zinc ligated histi-
dines, when an inhibitor binds by chelating the zinc it
may effectively remove this motion while maximizing the
inhibitor’s interaction with β-strand IV. It is also plaus-
ible that the observed HSQC doublets are a result of
DTT. DTT might form a shell in the active site which
slowly exchanges with water, so the HSQC doublet would
result from an NH being in the vicinity of either water or
DTT. This seems unlikely since all the HSQC doublets
disappear in the presence of the inhibitor, which is not
large enough to directly interact or displace the DTT
from all the residues exhibiting an HSQC doublet in
inhibitor-free MMP-1.

In addition, residues Pro138–Gly144 are poorly defined
based on the 15N-edited NOESY spectra and residues
Phe142–Gly144 did not exhibit a cross peak in the 1H-15N
HSQC spectra. In the presence of an inhibitor, this region
is still poorly defined and the only new cross peak ob-
served in the 1H-15N HSQC spectra of the complex is for
Gly144. It is important to point out that the B-factor for
these residues in the X-ray structure of inhibited MMP-1
is relatively small and consistent with the remainder of
the protein (Borkakoti et al., 1994; Lovejoy et al.,
1994a,b; Spurlino et al., 1994). This indicates that the X-
ray structures of inhibited MMP-1 might be misleading,
and the defined structure for residues Pro138–Gly144 and
the corresponding interaction with the inhibitor may only
be a result of crystallization and inconsequential for in-
hibitor binding. Of course, the interaction to residues
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Pro138–Gly144 may very well be inhibitor dependent. The

Fig. 5. Ribbon diagram of the X-ray structure of MMP-1, with residues exhibiting a doubling of peaks in the 1H-15N HSQC colored yellow and
disordered residues Pro138–Gly144 colored red. Side chains for His96, His118, His122, His128 and Trp103 are shown. The zinc and calcium ions are shown
as van der Waals spheres.

inhibitor used in this NMR study of collagenase is a sulf-
onamide derivative of a hydroxamic acid compound.
This inhibitor binds similar to other compounds in this
series where the hydroxamic acid chelates the catalytic
zinc and the remainder of the compound is located in
both the S1' and S2' binding pockets; binding in the S2'
pocket is not very deep. The right-handed orientation of
the inhibitor is based on strong chemical shift perturba-
tions and preliminary NOEs to residues in this region of
the protein. In particular, large chemical shift perturba-
tions in the 1H-15N HSQC spectra were observed for resi-
dues Asn80–Ala84, Val115 and His118, and NOEs from both
a 3D 15N-edited NOESY and a 2D 15N/13C-filtered
NOESY were observed between the inhibitor and Leu81,
Ala82 and Val115. No interactions were observed between
the inhibitor and residues Pro138–Gly144, but a 1H-15N
HSQC cross peak for Gly144 is only present in the com-
plex.

These results suggest that the active site for inhibitor-
free MMP-1 is significantly more mobile than implied by
the X-ray structures of MMP-1 in the presence of an

inhibitor. In particular, it suggests that helix B and the
ligated zinc may be in a slow conformational exchange
and that the random-coil region in the vicinity of the
active site has a high order of mobility to the extent that
the NH protons for Phe142–Gly144 are broadened beyond
detection. These results may also suggest that a signifi-
cant factor in the ability of a ligand to inhibit MMP-1
activity may be its capacity to stabilize the mobile active
site.

Dynamics of free and inhibited MMP-1
To further substantiate the observed mobility of the

active site of inhibitor-free MMP-1, 15N T1, T2 and NOE
data were collected for free and inhibited MMP-1 (data
not shown). The overall correlation times for both free
and inhibited MMP-1 were essentially identical, 9.7 ± 0.3
and 9.6 ± 0.3 ns, respectively. The generalized order para-
meter (S2) is plotted as a function of residue number for
both free and inhibited MMP-1 in Fig. 6. It is readily
apparent from Fig. 6 that the calculated order parameters
are nearly identical for both free and inhibited MMP-1.
The average values of the order parameter S2 (excluding
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residues 1–7, 138–144 and 163–169) for free MMP-1 and

A

B

Fig. 6. Plots of S2 on a per residue basis for (A) free MMP-1 and (B)
inhibited MMP-1.

inhibited MMP-1 are 0.89 ± 0.06 and 0.88 ± 0.05, respect-
ively, indicating a limited conformational flexibility for
most of the protein. These results also indicate that resi-
dues Pro138–Gly144, in addition to the residues at the N-
and C-terminus, are highly mobile in both the free and
inhibited MMP-1 samples with S2 ≤ 0.6. This is consistent
with the previous observation that these residues are
inherently mobile and that no significant interaction with
the inhibitor occurs.

As previously reported in the inhibited MMP-1 X-ray
structure (Spurlino et al., 1994), an inhibitor may extend
the formation of a β-sheet between β-strand IV and the
disordered residues corresponding to Pro138–Gly144. This
is consistent with the NMR structure of stromelysin com-
plexed with an N-carboxyl alkyl inhibitor (Gooley et al.,
1994) where the corresponding loop region in stromelysin
is well defined and strong NOEs are observed between
the inhibitor and residues 139–140. This differs signifi-
cantly from the results reported here. The loop region
corresponding to residues Pro138–Gly144 is highly dis-
ordered, with no observable contact between collagenase
and the inhibitor in this region. This suggests that the

interaction to the Pro138–Gly144 loop region is either
inhibitor dependent, an artifact of crystallization or, in
the case of the NMR structures, subtle differences be-
tween the active sites of collagenase and stromelysin in
addition to inhibitor differences. In either case, it demon-
strates that the Pro138–Gly144 loop region is highly mobile
and that the interaction of an inhibitor with this loop
region, while beneficial, is not crucial for binding to the
protein.

For residues which exhibited a doubling of 1H-15N
HSQC peaks in free MMP-1, little effect on the general-
ized order parameters (S2 ≥ 0.8) was observed for the
complex compared to the major peaks in free MMP-1.
All these residues were fitted to the simplified spectral
density function where τe ≤ 20 ps. This suggests that the
predominate motion observed for these residues in free
MMP-1 is the slow exchange between two distinct confor-
mations, resulting in the peak doubling observed in the
HSQC spectra, while the presence of the inhibitor results
in a single preferred conformation. This conformational
exchange, in addition to the high mobility for residues
Pro138–Gly144, indicates an inherent flexibility in the pro-
tein and suggests that the motion in this region may be
crucial for proper inhibitor binding.

Conclusions

Nearly complete 1H, 15N, 13C and 13CO resonance as-
signments for the inhibitor-free catalytic fragment of
human MMP-1 have been determined by 3D triple-reson-
ance heteronuclear NMR experiments. The secondary
structure elements present in MMP-1 have been identified
based on a qualitative analysis of sequential and inter-
strand NOEs, NH exchange rates, 3JHNα coupling con-
stants and the 13Cα and 13Cβ secondary chemical shifts. In
general, the NMR structure agrees with the X-ray struc-
tures of inhibited MMP-1, where the protein is composed
of a mixed parallel and antiparallel five-stranded β-sheet
and three α-helices. The major distinction between the
NMR structure of inhibitor-free MMP-1 and the X-ray
structures of inhibited MMP-1 is the observation that the
residues which comprise the active site appear to be more
mobile in the free MMP-1 NMR structure as evident by
a doubling of peaks in the 1H-15N HSQC spectra, the lack
of information in the 15N-edited NOESY spectra and the
observed order parameters (S2). The inherent mobility of
the MMP-1 active site has significant implication in drug
design.
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