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Background: The precise role of the hemopexin domain of matrix metalloproteinase-1 (MMP-1) in collagenolysis is
unknown.
Results: The hemopexin domain collagen binding site is on �-propeller blades 1 and 2, and includes a Phe that is buried in the
interface with the catalytic domain in the MMP-1 crystal structure.
Conclusion: Domain dislocation is required for exosite exposure.
Significance:MMP-1 may undergo significant domain rearrangements during collagenolysis.

Matrix metalloproteinase-1 (MMP-1) is an instigator of col-
lagenolysis, the catabolism of triple helical collagen. Previous
studies have implicated its hemopexin (HPX) domain in binding
and possibly destabilizing the collagen substrate in preparation
for hydrolysis of the polypeptide backbone by the catalytic
(CAT) domain. Here, we use biophysical methods to study the
complex formed between the MMP-1 HPX domain and a syn-
thetic triple helical peptide (THP) that encompasses theMMP-1
cleavage site of the collagen �1(I) chain. The two components
interact with 1:1 stoichiometry and micromolar affinity via a
binding site within blades 1 and 2 of the four-bladed HPX
domain propeller. Subsequent site-directed mutagenesis and
assay implicates blade 1 residues Phe301, Val319, and Asp338 in
collagen binding. Intriguingly, Phe301 is partially masked by the
CAT domain in the crystal structure of full-length MMP-1
implying that transient separation of the domains is important
in collagen recognition.However,mutationof this residue in the
intact enzyme disrupts the CAT-HPX interface resulting in a
drastic decrease in binding activity. Thus, a balanced equilib-
rium between these compact and dislocated states may be an
essential feature of MMP-1 collagenase activity.

The regulated proteolysis of collagen (known as collagenoly-
sis) in the extracellular matrix is an important process in nor-
mal physiological events such as wound healing and connective
tissue remodeling (1). In contrast, loss of collagenolytic control
is associated with conditions such as cancer, arthritis, and car-
diovascular disease (1).

The fibrillar collagens (types I, II, III, V, and XI) are highly
resistant to degradation by nonspecific proteases, a property
that is imparted by the tightly wound, triple helical conforma-
tion in individual �-chain trimers, and the ordered lateral asso-
ciation of these trimers into microfibrils. Thus, in higher
eukaryotes, specific collagenase enzymes are present to per-
form this function. The majority of collagenases are members
of the matrix metalloproteinase (MMP)4 family of zinc-depen-
dent endopeptidases (2). Those MMPs with significant collag-
enolytic activity areMMP-1, -8, -13, -14, and, to a lesser extent,
MMP-2 (also known as collagenases 1, 2, and 3,membrane type
1 MMP, and gelatinase A, respectively). These enzymes cleave
type I collagen (the most abundant fibrillar form) between
Gly775-Ile776 of �1(I) chains and Gly775-Leu776 of the �2(I)
chain generating characteristic 3⁄4- and 1⁄4-length fragments that
exhibit conformational instability and thus undergo further
enzymatic processing by the gelatinases, MMP-2 and -9 (2).
MMPs aremultidomain enzymes, each expressed as an inac-

tive zymogen in which the inhibitory N-terminal propeptide
(“PRO”) domain docks into the active site cleft of the catalytic
(“CAT”) domain thus blocking substrate entry and somaintain-
ing the latency of the enzyme. In so doing, a conserved PRO
domain Cys residue coordinates the active site Zn2� ion that is
held in place by three His residues in the conserved CAT
domain sequence motif HEXXHXXGXXH (2, 3). For many
MMPs (including each of the collagenases), cleavage of a pro-
tease-sensitive “bait” region in the PROdomain initiates a chain
of other proteolytic events that ultimately result in its complete
removal and concomitant activation of the zymogen (4–6). All
collagenolytic (and most other) MMPs also contain a C-termi-
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nal hemopexin (“HPX”) domain, which is linked to the CAT
domain by an extended proline-rich linker.
MMP-1, the prototypic collagenase, has been the subject of

intense study and is thus the best characterized in terms of its
structure, function, and dynamics (7–10). A comparison of the
crystal structures of pro-MMP-1 and MMP-1 shows that not
only does the PRO domain sterically block the CAT domain
active site, but it also draws the CAT and HPX domains
together by interacting with the C-D loop in blade 1 of the HPX
�-propeller (8, 9, 11). These structures suggest that, upon acti-
vation, a groove opens between the CAT and HPX domains;
this groove has been proposed to form the collagen binding site
(8, 9), a hypothesis thatwould explain the apparent lack of bind-
ing of pro-MMP-1 to collagen (12, 13), whereas MMP-1 exhib-
its micromolar affinity (13, 14).
The success of collagenolysis relies on determinants in both

the collagen substrate and the collagenase enzyme. In fibrillar
collagens, the region surrounding the collagenase cleavage site
contains numerous nonpolar residues (which are otherwise
rare) and has a low imino acid content that together may make
the local triple helical conformation relatively unstable at phys-
iological temperatures (15, 16). Furthermore, Ile776 in the lead-
ing strand is more conformationally labile than the equivalent
residue in themiddle and lagging strands, and thusmay serve as
a signal for collagenase cleavage (17). In turn, the collagenolytic
MMPs contain numerous “exosites,” regions that, although
lacking in any hydrolytic apparatus (this is limited to the active
site of theCATdomain), are required for recognition and cleav-
age of the natural substrate (reviewed by Ref. 18). The presence
of such exosites may, in part, explain the mystery that has sur-
rounded collagenases since the early crystal structures were
solved: howdo these enzymes cleave collagenwhen the active site
cleft is only one-third as wide as the collagen triple helix? The
exosites are believed to impart the collagenases with helicase
activity, the ability to bind and partially “unwind” the triple
helical collagen substrate, so allowing a single �-chain to enter
the active site cleft of the CAT domain (14, 19).
Numerous studies have identified determinants of helicase/

collagenase activity in the CAT domain, the HPX domain, and
the inter-domain linker of MMP-1. In the CAT domain, both
the active site itself and the loop connecting the fifth �-strand
and second �-helix have been shown to be involved (20, 21). In
addition, mutation of a specific Gly residue in the interdomain
linker abrogates collagenolysis possibly by restricting interdo-
main flexibility (22). Such flexibility has been inferred from
nuclear magnetic resonance (NMR) spectroscopic and small
angle x-ray scattering (SAXS) studies of MMP-1 in solution
(10).
The presence of one or more exosites in the HPX domain is

evident from the lack of collagenolytic activity in HPX deletion
mutants ofMMP-1, -8, -13, and -14 (23–28). However, the pre-
cise location of any exosite(s) has, until recently, remained
largely elusive; unlike the CAT domain, the four-bladed �-pro-
peller of the HPX domain lacks any obvious binding clefts or
pockets that could accommodate a polypeptide (8, 9, 11). A
recent study examining the interaction between an active site
mutant (E219A) of MMP-1 and a synthetic triple helical pep-
tide (THP) using hydrogen/deuterium exchange mass spec-

trometry implicated blades 1 and 4 of the HPX domain in col-
lagen binding (29). Subsequently, using mutagenesis and assay
residues, Ile290 and Arg291 in the A-B loop of blade 1 were iden-
tified as an exosite for collagenolysis (29).
Here, we present a biophysical study of the interaction

between the MMP-1 HPX domain (hereafter referred to as
HPX-1) and a synthetic THP, which encompasses the MMP-1
cleavage site of the �1(I) chain and is analogous to that used
recently by Lauer-Fields and co-workers (29). Using analytical
ultracentrifugation (AUC) and solutionNMR spectroscopy, we
establish that HPX-1 binds the homotrimeric THP with a 1:1
stoichiometry that involves an extensive convex surface of
HPX-1 covering much of �-propeller blades 1 and 2. Subse-
quently, through a program of mutagenesis and assay using
surface plasmon resonance (SPR), we highlight residues in
blade 1 as having a significant role in collagen binding. Intrigu-
ingly, the most vital of these, Phe301, is buried in the interface
between the CAT and HPX domains in the crystal structure of
MMP-1(E219A). However, using SAXS we confirm previous
results that, in solution, the domains undergo a transient sepa-
ration thus exposing residues, such as Phe301, which are con-
cealed between the domains. Furthermore, in the full-length
enzyme, mutation of Phe301 causes a complete dislocation of
the domains and a drastic drop in collagen binding activity,
implying that both the dislocated and compact domain
arrangements are important for the recognition and/or
unwinding of the triple helix.

EXPERIMENTAL PROCEDURES

Recombinant Protein Expression—The hydrolytically inac-
tive E219A mutants of pro-MMP-1 and MMP-1 (hereafter
abbreviated as pro-MMP-1* and MMP-1*, respectively) were
produced as previously described (14) but with a modified
refolding protocol (10). Unlabeled wild-type (WT) human
HPX-1 (corresponding to residues Pro272-Asn469 of pro-
MMP-1 with an additional N-terminal Met) previously cloned
into a pET-3a plasmid (Merck) was expressed from Esche-
richia coli BL21(DE3)RIPL cells as described previously (6).
Briefly, the recombinant protein was refolded from chaotrope-
solubilized inclusion bodies in the presence of a redox pair (5
mM �-mercaptoethanol, 1 mM 2-hydroxyethyl disulfide) to
enable formation of the intramolecular disulfide bond connect-
ingCys278 andCys466. The refolded proteinwas then purified to
homogeneity (as judged by SDS-PAGE) by cation-exchange
chromatography on aMono S HR5/5 column (GE Healthcare).
The identity of the purified product was confirmed by mass
spectrometry (BMS Mass Spectrometry and Proteomics Facil-
ity, University of St Andrews). HPX-1 proteins uniformly
labeled with 15N or 13C/15N were produced by growth and
induction of the cells in M9 minimal media containing
(15NH4)2SO4 or [13C]glucose/(15NH4)2SO4, respectively. Prior
to undertaking experiments, protein samples were exchanged
into the appropriate buffer by dialysis using a 3.5-kDa cut-off
membrane (Spectra/Por) and concentrated by centrifugal
ultrafiltration using 5-kDa cut-off spin filters (Amicon). The
protein solutionswere then quantified byUVabsorbance at 280
nm using theoretical molar extinction coefficients.
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Synthetic �1(I)772–787 Triple Helical Peptide—Two
�1(I)772–787 THPs, either with or without an N-terminal
amino group, were produced by solid-phase synthesis as
described previously (30). Each THP had the sequence:
C6-(GPO)4 GPQ G�IA GQR GVV GLP GPO (GPO)3-NH2 in
which “O” denotes 4-hydroxyproline, the underlined sequence
is identical to residuesGly772-Gly787 of the collagen�1(I) chain,
and the tilde (�) marks the MMP-1 cleavage site. MMP-1
cleaves the�1(I)772–787THP at the analogous position to type
I collagen (30). Previous work has shown that the N-terminal
hexanoic moiety (designated C6) and the GPO repeats induce a
triple helical conformation at room temperature (30). The
fidelity of synthesis and homogeneity of each THP was con-
firmed by mass spectrometry. The THP with a free N-terminal
amino group was utilized in SPR experiments (see later); the
C6-THP lacking this moiety was used in all other experiments.
Prior to each experiment, the THP monomers were annealed
into a triple helix at a high concentration (�1 mM) by heating
for 15min at 65 °C followedby slow cooling from65 to 4 °Cover
2 h. Because of their lack of aromatic residues, these �1(I)772–
787 THP solutions were quantitated spectrophotometrically
according to the formula: [THP] (mg/ml) � ((A215 � A225) �
0.144)/e; where e is the path length in cm (31).
Site-directed Mutagenesis—The solvent-accessible surface

area of candidate HPX-1 residues for site-directedmutagenesis
was determined using a 1.4-Å diameter rolling ball in the pro-
gram MOLMOL (32). Mutagenesis was performed using the
QuikChange XL II Kit (Stratagene). The sense and antisense
strand oligonucleotide primers for the chosen mutations are
given in supplemental Table S1. In each case, the mutated
codonwas flanked by 10–20 bases of complementary sequence.
The DNA sequence of each mutant pET-3a:HPX-1 construct
was confirmed by sequencing (Beckman Coulter Genomics).
Those HPX mutants that successfully expressed in
BL21(DE3)RIPL cells were refolded and purified as described
above for the WT protein.
Analytical Ultracentrifugation—Sedimentation equilibrium

(SE) AUC experiments were performed on a Beckman Coulter
Optima XL-A analytical ultracentrifuge using absorbance
optics and an AN-Ti-50 rotor at speeds selected based on the
anticipated apparentMr values (33). All studieswere performed
at 25 °C in 150 mMNaCl, 10 mM CaCl2, 20 mMNaOAc, pH 4.8.
SE studies on HPX-1 in isolation were performed at 15,000 and
18,000 rpm at protein concentrations of 0.5, 1.0, and 5.0 mg/ml
(20.9, 41.7, and 208 �M, respectively). SE analysis of the com-
plex formed between HPX-1 and the �1(I)772–787 THP was
performed at 15,000 rpmwith a constant HPX-1 concentration
of 50�M and�1(I)772–787THP:HPX-1molar ratios of 0:1, 1:1,
2:1, 5:1, 10:1, and 20:1. AUC detection was performed at 303
nm, higher than the absorbance maximum of HPX-1 (280 nm)
to allow for higher protein concentrations to be analyzed using
the absorbance optics (at 200 �M, the A303 for HPX-1 is 0.7).
The �1(I)772–787 THP lacks aromatic residues and, therefore,
has negligible absorbance at this wavelength. Thus, a single spe-
cies model could be used to simplify interpretation of the
apparent Mr data. Data analysis was performed using the Ori-
gin-based DC/DT software (Beckman Coulter).

NMR Data Collection and Chemical Shift Assignments—For
sequential assignment of HPX-1, a suite of standard through-
bond, triple-resonance experiments (e.g. HNCA, HNCO,
HN(CA)CO,HNCACB, andCBCA(CO)NH)were recorded on
the 14.1 T (600 MHz for 1H) Varian Inova spectrometer at the
University of Portsmouth. These were supplemented by a
through-space 50-ms mixing time 1H,15N-NOESY-HSQC
spectrum recorded on a 18.8 tesla (800 MHz for 1H) Bruker
Avance spectrometer at the National Institute for Medical
Research (NIMR). All NMR spectra were acquired at 25 °C on
0.5 mM samples of HPX-1 dissolved in 10% (v/v) D2O, 10 mM

CaCl2, 0.02% (w/v) NaN3, 20 mM NaOAc at pH 4.8. Spectral
processing was performed using the program NMRPipe (34)
and assignment was undertaken using the program analysis2 in
the CCPN software suite (35). Sequential assignment of WT
HPX-1 1H, 13C, and 15N resonances was performed predomi-
nantly using amain chain-directed strategy. Any cases of ambi-
guity were resolved through identifying backbone-backbone
HN-HN NOEs that were consistent with the crystal structures
of MMP-1* and pro-MMP-1* (8, 9). The structural integrity of
HPX domain mutants that showed perturbed collagen binding
activity (see below) was confirmed through comparison of a
1H15N-HSQC spectrum of the uniformly 15N-labeled mutant
with that of the WT protein.
NMR-monitored Ligand Titrations—Ligand-induced reso-

nance broadening on HPX-1 was measured following serial
additions of small volume aliquots of 4mMunlabeled�1(I)772–
787 THP into a 0.2 mM sample of 15N-labeled HPX-1 up to a
THP:HPX-1 molar ratio of 5:1. For each HPX-1 residue, the
degree of line broadening was inferred from the loss of back-
bone NH-HN cross-peak intensity. No attempt was made to
measure the line widths of the individual 1HN and 15NH reso-
nances explicitly.
Surface Plasmon Resonance—SPR experiments were per-

formed on a BIACore T100 instrument (GE Healthcare). The
N-terminal aminated �1(I)772–787 THP was immobilized to
the dextran surface of a CM4 sensorchip (GE Healthcare) flow
cell using amine coupling in 10 mM HEPES pH 7.4. The more
commonly used CM5 sensorchip (which has a greater degree of
dextran carboxylation) was found to exhibit unacceptably high
levels of electrostatic binding to WT HPX-1 (which has a pI of
9.45). The running buffer for all SPR binding assays was
HBSCP� (10 mM HEPES, 150 mM NaCl, 10 mM CaCl2, 0.05%
(v/v) polysorbate-20), pH 7.4. Due to the extremely rapid dis-
sociation rates of WT HPX-1 from immobilized �1(I)772–787
THP seen in preliminary experiments, the dissociation con-
stants for thewild-type and eachmutant were determined from
the SPR response at equilibrium. Thus, long-duration (10-min
contact time) triplicate injections were performed with a suit-
able range of analyte concentrations (e.g.�40 nM to�40�M for
WT HPX-1) at a flow rate of 1 �l/min. In each case, the equi-
librium point was taken to be 5 s from the end of the analyte
injection. Data analysis was performed using BIAevaluation
(GE Healthcare) by nonlinear least squares fitting using Equa-
tion 1: Req � Rmax � c/(c � Kd), where Req is the equilibrium
response at a given concentration (c) of the WT or mutant
protein, Rmax is the maximum response possible if the immobi-
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lized THP ligand were saturated with analyte, and Kd is the
dissociation constant.
Small Angle x-ray Scattering—SAXS experiments were con-

ducted on the I22 beamline at the Diamond Light Source with a
wavelength (�) of 1.0Å and an energy of 12.4 keV, and equipped
with a photon counting detector at a distance of 3.25 m from
the sample cell. The scattering patterns were measured for sev-
eral protein concentrations in the range from 0.84 to 8.25
mg/ml, each with multiple successive 90-s exposures (to check
for radiation-induced damage and aggregation), and processed
using PRIMUS (36) and GNOM (37) within the ATSAS soft-
ware package (38). The data were normalized to the intensity of
the incident beam, and the scattering of the buffer was sub-
tracted using an in-house program.TheGuinier approximation
was used to interpret the data, at low angle, the isotropic scat-
tering intensities, I(Q) (where Q is the scattering vector
4�sin�/� and 2� is the scattering angle), can be described by
I(Q) � I(0) exp(�Rg2Q2/3), where Rg is the radius of gyration.
Subsequently, the I(Q) data were transformed to particle distri-
bution functions, P(r), which were in turn used to estimate the
particle maximum dimensions Dmax and calculate the real
space Rg. Simulated small-angle scattering curves were gener-
ated from the atomic resolution crystal structures of pro-
MMP-1* and MMP-1* using the program CRYSOL (39). Ten
independent ab initio low resolution atomic reconstructions
were generated from the P(r) data by simulated annealing using
the DAMMIF program with default parameters (40, 41), and
then aligned, averaged, and filtered using DAMAVER (40). The
use of 20 structures did not significantly alter the average
model. Overlay of the SAXSmodels with those from x-ray crys-
tallography was performed with the program SUPCOMB (42),
in which a low normalized spatial discrepancy (NSD) value
indicates an acceptable fit.
Notes—Numbering for MMP-1 and HPX-1 corresponds to

that in the crystal structure of pro-MMP-1 (PDBaccession code
1SU3), which has Phe20 as the N-terminal residue. The num-
bering for collagen chain �1(I) (accession number P02452) is
relative to the estimated start of the helical region. Theoretical
molar extinction coefficients and molecular weights were cal-
culated using the ProtParam tool on the Expasywebsite.Molec-
ular structure figures were prepared using PyMOL (43). NMR
chemical shift assignments for WT HPX-1 at pH 4.8 and 25 °C
are given in supplemental Table S2 and have been deposited in
the BioMagResBank.

RESULTS

HPX-1 Binds the �1(I)772–787 THP with 1:1 Stoichiometry—
Initially, SE AUC studies were performed to assess the solution
ideality and oligomeric state of HPX-1 in solution. The residu-
als measure the difference between the actual and theoretical
absorbance at a given radius for a particle of a given Mr. An
upward or downward curve on these residuals would be evi-
dence of aggregation or nonideality, respectively. However, the
residuals for each studywere evenly distributed about the x axis
suggesting that HPX-1 is monodisperse in solution under the
conditions studied (see supplemental Fig. S1). The apparentMr
of the HPX domain is largely independent of concentration
over the range of 0.5–5.0 mg/ml (21–210 �M). The average

apparentmolecularmass (� S.D.) over the sixmeasurements is
23.5� 2.1 kDa, which is in close agreement with the theoretical
molecular mass for monomeric HPX-1 (23.6 kDa) calculated
from the amino acid sequence. Thus, at concentrations up to
�200 �M, the HPX-1 is monomeric in solution.
SE AUC analysis of the complex formed betweenHPX-1 and

the �1(I)772–787 THP reveals a dose-dependent increase in
apparent molecular mass up to a maximal apparent molecular
mass of 35.5 (�0.04) kDa at �1(I)772–787 THP:HPX-1 molar
ratios of 10:1 and 20:1 (Fig. 1). As with the analysis of isolated
HPX-1 above, the even distribution of the residuals indicates
that the complex ismonodisperse in solution (see supplemental
Fig. S2).
Given that the theoretical molecular mass of the THP is 10.9

kDa, the maximal apparent molecular mass of 35.5 kDa for the
complex is strongly indicative of a 1:1 stoichiometry (i.e. Lang-
muir binding). In contrast, if the THP:HPX-1 interaction stoi-
chiometry were 2:1 or 1:2 then one would expect significantly
different maximal molecular mass values of �45.4 or 58.1 kDa,
respectively.

�1(I)772–787 THP Binds to Blades 1 and 2 of the HPX-1
�-Propellor—NMR has the capability of providing site-specific
information on protein-ligand interactions, but to identify the
ligand binding site, it is first necessary to sequentially assign the
protein resonances. HPX-1 had previously been assigned at pH
7.2 (10) but, due to the elevated rate of amide proton exchange
at near neutral pH, 16 of the backbone 1HN and 15NH reso-
nances could not be assigned. Most of these residues are sol-
vent-exposed and thus may be involved in collagen binding. In
this study we aimed to achieve near complete backbone reso-
nance assignments of HPX-1 undermildly acidic conditions (at
pH 4.8), with a view to providing complete coverage of any
potential HPX-1 collagen-binding surface(s) in subsequent
NMR-monitored ligand titrations. The reduced amide proton
exchange rate at pH 4.8 allowed sequential assignment of all
HPX-1 backbone 1HN and 15NH resonances, with the exception
of Ala350. This residue was one of those unassigned in the pre-
vious study (10).
During the NMR-monitored titration of 15N-labeled HPX-1

with unlabeled �1(I)772–787 THP, no significant changes in

FIGURE 1. Determination of the binding stoichiometry between HPX-1
and the �1(I)772–787 THP by sedimentation equilibrium AUC. The hori-
zontal dashed lines indicate the theoretical Mr for the free monomeric HPX-1
(23.6 kDa) and a 1:1 complex of HPX-1 with the �1(I)772–787 THP (34.5 kDa).
The error in apparent molecular mass (2.1 kDa) for each point is estimated as
the S.D. of the apparent molecular mass from the AUC studies on the free
HPX-1 (see supplemental Fig. S1).
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HPX-1 chemical shift were observed, nor did any cross-peaks
appear that could be attributed to the complex, even at the
highest THP:HPX-1 molar ratio of 5:1. Instead, certain HPX-1
HSQC cross-peaks were seen to extensively broaden and
reduce in intensity indicative of an intermediate exchange
regime (see supplemental Fig. S3). All of the backbone HSQC
cross-peaks show some degree of intensity loss during the
course of the titration (Fig. 2), whichwe attribute to the increas-
ingMr upon complex formation and hence slower tumbling of
the HPX-1 in solution. This slower tumbling is exacerbated by
the increasing viscosity that accompanies increasing protein
concentration, and results in shorter T1 relaxation times and
thus broader linewidths.Nevertheless, a subset ofHSQCcross-
peaks show further loss of intensity, which we attribute to site-
specific binding of the �1(I)772–787 THP ligand on an inter-
mediate (millisecond to microsecond) exchange time scale.
However, a detailed analysis of the biophysical basis of the res-
onance line broadening is beyond the scope of this report.
The majority of HPX-1 residues whose backbone amide res-

onances aremost affected by THP binding are found in blades 1
and 2 of the�-propeller (Figs. 2 and 3A). Specifically, in blade 1,
extensive line broadening is observed in the A-B loop (Arg291-
Glu293), the C-D loop (Phe308-Glu311), �-strand D (Glu313-
Phe316), the �-helical turn (Ser318-Val319), and the following
unstructured region that connects blade 1 to blade 2 (Phe320-
Gly328). Extensive line broadening is less widespread in blade 2
where only the C-D loop (Gly353-Val356) is significantly
affected.
When mapped onto the solvent-accessible surface of the

MMP-1 crystal structure, the affected residues form a putative
convex binding site that extends across both “faces” of the HPX
domain �-propeller (Fig. 3, B and C). The majority of affected
residues map to the “front” face, i.e. the side that is oriented in
the same direction as the catalytic cleft in the MMP-1 crystal
structures (Fig. 3B). The “rear” facing portion of the putative
binding site is comprised of the solvent-exposed residues in the
linker between blades 1 and 2 (Fig. 3C).

Collagen Binding Involves Hydrophobic Residues on Blade 1
of HPX-1—It should be noted that line broadening of a partic-
ular residue in backbone 1HN and/or 15NH resonance does not
necessarily imply that its side chain is directly involved in ligand
binding. Instead, the line width perturbation may arise from an
interaction on the millisecond to microsecond time scale that
involves a neighboring side chain. Thus, we used site-directed
mutagenesis and assay to confirm or refute the involvement of
the residues implicated by theNMR-monitored ligand titration
in collagen binding. The criteria for choosing which residues to
mutate were 3-fold: 1) close proximity of side chain (less than
approximately 10 Å) to one or more extensively broadened
backbone 1HN/15NH resonances; 2) a side chain solvent expo-
sure of �50% in the HPX domain; and 3) not Gly or Ala. Thus,
15 residues were chosen for mutation to alanine: Asp299,
Arg300, Phe301, Phe308, Tyr309, Phe316, Ser318, Val319, Pro325,
Arg337, Asp338, Gln352, Gln354, His358, and Pro361.

Each of these mutant pET3a:HPX-1 constructs was success-
fully produced by site-directed mutagenesis as confirmed by
DNA sequencing. Furthermore, when transformed into
BL21(DE3)RIPL cells, each was found to express recombinant
protein at levels approaching or even exceeding that of theWT
HPX-1. However, during the refolding stage that follows inclu-
sion body isolation and solubilization, four of the mutant
HPX-1 domains (D299A, F308A, F316A, and Q352A) precipi-
tated almost quantitatively, leaving insufficient material for
functional analysis. Those 11 HPX-1 mutants that remained
soluble during the refolding stage (R300A, F301A, Y309A,
S318A, V319A, P325A, R337A, D338A, Q354A, H358A, and
P361A) were found to elute from the cation exchange column
at an identical NaCl concentration to that of the WT HPX-1,
suggesting that each possesses a native-like structure, i.e. is
capable of binding a Ca2� ion at the center of the �-propeller.

In preliminary SPR experiments, WT HPX-1 was found to
exhibit fast dissociation kinetics from immobilized �1(I)772–
787 THP (kd � �1 s�1) that is somewhat beyond the dissocia-
tion rate detection limit of 0.5 s�1 for the Biacore T100 (Biacore

FIGURE 2. HPX-1 line broadening upon addition of �1(I)772–787 THP. The sequence dependence of the HPX-1 backbone 1HN-15NH cross-peak broadening
following an equimolar addition of THP is shown. The values show the intensity of cross-peaks at a 1:1 molar ratio of THP:HPX-1 relative to the sample of HPX-1
alone. The dashed lines show the raw data, whereas the thick solid line depicts a 5-residue roaming average of this data. The vertical lines show the approximate
boundaries between the four blades of the HPX-1 �-propeller. The vertical bar on the right-hand side shows the rainbow color scheme used for the molecular
representations in Fig. 3.
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T100 manual). Therefore, because point mutants of HPX-1
may increase this off-rate still further, we decided to character-
ize the binding affinity of the WT and mutants for the
�1(I)772–787 THP using equilibrium analysis rather than
kinetic analysis. Because the problem of mass transfer limita-
tion does not apply to equilibrium analysis, we used relatively
high immobilization levels of �500 response units for the
�1(I)772–787 THP, to increase the sensitivity of subsequent
ligand binding experiments.
In the equilibriumSPRassays, theWTHPX-1 and each of the

mutants tested exhibited dose-dependent binding to the immo-
bilized �1(I)772–787 THP (Fig. 4, A and B). Binding activities
were found to be reproducible in this assay with triplicate Kd
measurements typically differing by less than 10% (Fig. 4C).
Repeated assays of the WT protein, at both the beginning and
end of the series of analyses, revealed that there was little or no
degradation of the HPX-1 binding sensorchip capacity. Thus,
the regeneration conditions did not damage the immobilized
THP in any way.
The Kd for the interaction ofWTHPX-1 to the immobilized

THP was found to be 10.9 � 1.0 �M. This is an order of magni-
tude higher than that for MMP-1*, which in this assay binds
with aKd of 0.92� 0.09�M (Fig. 4,B andC). Thus, it is clear that
the CAT domain and/or CAT-HPX linker help to stabilize the
MMP-THP complex in the intact enzyme. In contrast to previ-
ous reports (12, 13, 24), collagen-binding activity was detected
for the pro-MMP-1* zymogen, which bound the �1(I)772–787
THP with a Kd of 7.37 � 1.34 �M.
As seen in Fig. 4C, the binding activity of HPX-1 mutants

R300A, S318A, P325A,Q354A, andH358Awere very similar to
that of theWT protein implying that they play no direct role in
contacting the collagen substrate. Moderate increases in Kd
were observed for mutants Y309A, R337A, and P361A. How-
ever, mutants F301A, V319A, and D338A show a more than
2-fold increase in Kd relative to WT HPX-1 (i.e. have less than
50% of the binding activity) suggesting that these residues are
important contributors to collagen recognition, i.e. they com-

prise an exosite. Fig. 5 shows the location of these residues in
the crystal structure ofMMP-1*. Surprisingly, the introduction
of the highest impact HPX-1 mutation, F301A, into the full
lengthMMP-1* resulted in a drastic (30-fold) decrease in bind-
ing activity (Fig. 4C).

The possibility exists that the reduced binding of any HPX-1
point mutant is due to a global disruption of the three-dimen-
sional structure of the domain rather than the selective removal
of a critically important side chain. Thus, we analyzed the two
HPX-1 point mutants with the lowest collagen binding activity,
F301A and V319A, by heteronuclear NMR spectroscopy to
investigate this possibility. In each case, the 1H,15N-HSQC of
the 15N-labeled HPX-1 mutant was very similar to that of the
WT protein with excellent chemical shift dispersion in each
dimension (see supplemental Fig. S4). In neither case were any
extensive changes in 1H or 15N chemical shifts observed that
would indicate a substantial change in the HPX-1 structure.
Furthermore, no significant line broadening was observed in
the HPX-1 mutants that could indicate a conformational
exchange and thus destabilization of the domain. Therefore, we
are confident that the reduced binding activity of these HPX-1
mutants is a direct result of the loss of their collagen-interacting
Phe301 or Val319 side chains rather than any perturbation to the
structure and/or dynamics of the domain.
Disrupting the Interface between CAT and HPX Domains

Impairs Collagen Binding—The structural basis for the dra-
matic reduction in binding activity of MMP-1*(F301A) com-
pared with MMP-1* was investigated using SAXS (supplemen-
tal Fig. S5), a solution state method that has previously been
applied to conformational studies of MMPs-1, -9, and -12 (10,
44, 45). In addition, we examined pro-MMP-1* to investigate
whether the compact arrangement of domains in the crystal
structure is representative of the conformation in solution. For
each protein, the distance distribution function (P(r) plot) was
found to be asymmetric and thus characteristic of an elongated
protein (Fig. 6A). That for MMP-1* has a distinct shoulder
indicative of a discrete domain structure (46). In the MMP-

FIGURE 3. �1(I)772–787 THP recognition surface on HPX-1 as identified by NMR. A, ribbon representation of the crystal structure of MMP-1 (9) with HPX
domain residues colored according to the line broadening data in Fig. 2. The colors range from blue through cyan, green, yellow, and red over the relative
intensity range of 40 –20%. Proline residues of HPX-1 and the unassigned Ala350 are colored gray. For clarity, the four blades of the �-propeller are outlined and
labeled 1– 4. B and C, surface representations of the HPX-1 domain using the same color scheme as in A. In C, the HPX-1 has been rotated through 180° about
the y axis. Note that, although shown here in gray, the CAT domain is absent from the protein fragment assayed in this experiment.
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1*(F301A) mutant, this shoulder is exaggerated to the point
where it becomes a separate peak that implies that the CAT and
HPX domains have become more separated.
Each of the P(r) plots was used to calculate a real space Rg

value. The Rg of 28.5 � 0.2 Å for MMP-1* agrees with the pre-
vious report of 29 � 1 Å (10), and is significantly less than the
32.8 � 0.2 Å determined here for pro-MMP-1*. This reduction
is accounted for by the loss of the �9-kDa PRO domain upon
activation, which also results in a slight decrease in the Dmax
from 90 to 88 Å (Fig. 6A). However, MMP-1*(F301A) has an Rg
of 33.6 � 0.4 Å, 18% higher than that for MMP-1*. Indeed, the
MMP-1*(F301A)mutant has comparable Rg andDmax values to
pro-MMP-1* despite the absence of the PRO domain in the

former. This is further evidence of a disruption to the CAT-
HPX domain interface in the F301A mutant.
Ab initio modeling of the pro-MMP-1* conformation from

the SAXS data results in a low resolution model that largely
agrees with the compact arrangement of domains in the crystal
structure (Fig. 6B), as shown by the reasonably low NSD value
of 1.65. The discrepancies that do exist between the twomay be
due to the fact that a significant proportion of the electron
density map for pro-MMP-1* is missing from the crystal struc-
ture, namely that for theN-terminal residues (Phe20-Val31), the
bait region (Asn46-Ser57), and the PRO-CAT linker (Gln99-
Asn106) (8).

In contrast, ab initiomodeling from theMMP-1* SAXS data
produces a molecular envelope that is considerably larger than
expected from its compact crystal structure, and a superposi-
tion of these low and high resolution structures results in an
considerably higherNSDof 2.07 and leaves an entire lobe of the
solution-state model unaccounted for (Fig. 6C). To ensure that
this discrepancy is not due to a fault in the modeling protocol,
we generated models based on artificial scattering data synthe-
sized from the crystal coordinates of MMP-1* and pro-MMP-
1*. These control low resolution structures were in very close
agreement with the solid state coordinates (supplemental Fig.
S5, D and E) with NSD values of 1.19 and 1.24, respectively.
Thus, the elongated low-resolution solution structure of
MMP-1* is indicative of an equilibrium between the compact
state seen in crystallographic analyses and a state in which the
interface between CAT and HPX is disrupted. This is in agree-
ment with the previous study by Bertini and co-workers (10).
This apparent transient dislocation of the CAT and HPX

domains in mature MMP-1* becomes more permanent in the
F301A mutant, the low resolution ab initio structure that
exhibits two discrete lobes (Fig. 6D), which we attribute to the
separate CAT andHPX domains. Thus, the P(r) distance distri-
bution functions, the Rg values, and the low resolution models
all indicate that the F301Amutation has disrupted the dynamic

FIGURE 4. SPR assay of HPX-1 collagen binding activity. A, overlaid SPR
sensorgrams showing the dose-dependent binding of WT HPX-1 to immobi-
lized �1(I)772–787 THP. The WT HPX-1 concentration ranges from 0.2 to 34
�M. B, hyperbolic binding curves for WT HPX-1 and WT MMP-1* from the
equilibrium SPR data. The fitted curves are of the form R/Rmax � c/(c � Kd),
where c is the analyte protein concentration. C, equilibrium dissociation con-
stants (Kd) for the binding of wild-type and mutant proteins to immobilized
THP. Error bars indicate the S.D. from triplicate measurements. The horizontal
dashed line emphasizes the Kd of the WT HPX-1 protein for comparative
purposes.

FIGURE 5. Residues of HPX-1 implicated in collagen binding by mutagen-
esis and assay. Orthogonal views of the crystal structure of MMP-1* are
shown as a ribbon diagram with the left-hand side in the same orientation as
that in Fig. 3A. Mutated HPX-1 residues are shown as sticks and colored
according to the collagen binding activity of the mutant, i.e. Phe301, Val319,
and Asp338 in red (Kd � 24 �M); Tyr309, Arg337, and Pro361 in green (16 �M � Kd
� 24 �M); and Arg300, Ser318, Pro325, Gln354, and His358 in blue (Kd � 16 �M).
Residues Ile290 and Arg291, previously identified as an exosite (29), are shown
as magenta sticks.
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inter-domain interaction that is a feature of the WT enzyme
and, from the SPR data presented here, is an important contrib-
utor to collagen binding.

DISCUSSION

The AUC study described here has shown that HPX-1
remainsmonomeric in solution at protein concentrations up to
0.2mM. This implies that the HPX domain-mediated dimeriza-
tion seen in MMP-14 that is crucial for collagenolysis and pro-
MMP-2 activation (47–49) is not a common feature of all
MMPs.
The finding thatHPX-1 binds to the�1(I)772–787THPwith

1:1 stoichiometry has important consequences. It implies
that (a) HPX-1 binds specifically to only one of the three
staggered �-chains in the pseudo-symmetric THP; or (b)
HPX-1 binding to any one of the three �-chains inhibits
binding of a second HPX-1 molecule to either of the other
two �-chains by steric hindrance; or (c) the HPX-1 binds to
two or three �-chains simultaneously. The last interpreta-
tion is perhaps the most intriguing in terms of the mecha-
nism of collagenolysis. In intact MMP-1, the binding of two
�-chains simultaneously by the HPX domain may leave the
third free to enter the catalytic cleft of the CAT domain that,
at 5 Å across, is too narrow to accommodate the 15-Å diam-
eter intact triple helix. Indeed, it is well established that the
�2 chain of �1(I)2�2(I) heterotrimers is cleaved preferen-
tially by the MMP-1 CAT domain (14), suggesting that the

HPX domain may favor binding to the two �1 chains, thus
releasing the �2 chain for hydrolysis.
Our SPR-based assay has revealed the affinities (Kd values)

for binding to an immobilized homotrimeric collagenTHP.We
are mindful that in nondiseased adult tissue, the majority of
type I collagen exists as �1(I)2�2(I) heterotrimers (50). Indeed,
�1(I)3 homotrimers only exist in significant quantities in vivo in
fetal tissues (51), carcinomas (50, 52–55), fibrotic tissues (56–
58), and in genetic disorders in which the �2(I) chain is defi-
cient (59–61). Thus, the homotrimeric THP used in this study is
not strictly representative of the homeostatic state. However, a
recent study has demonstrated that the affinity of MMP-1* for
homotrimeric and heterotrimeric collagen is effectively identical,
withKd � 1.31� 0.2 and 1.27� 0.3 �M, respectively (19). There-
fore, the use of the homotrimeric THP is justified when studying
collagen binding by the HPX-1 domain. Furthermore, the affinity
observed here by SPR between MMP-1* and the immobilized
THP (Kd � 0.92 � 0.09 �M) is in keeping with the above values.
Previously, Ottl and co-workers (62) saw no interaction

between HPX-1 and a heterotrimeric THP using a kinetic SPR
analysis. Clearly, this contradicts the data presented here. How-
ever, each chain of the�1(I)2�2(I) THPused in the previous study
lacked Leu785, the end of the hydrophobic stretch that is believed
to contribute to MMP-1 recognition (15, 16). Indeed, it is notice-
able that theKd of 3.7� 1.1�Mobserved for intactMMP-1* bind-
ing to theirTHP(62) is�4-foldhigher thanobserved here. Addi-

FIGURE 6. SAXS analysis of pro-MMP-1*, MMP-1*, and MMP-1*(F301A). A, the particle distribution functions, P(r), are shown for each protein. Note the increased
Dmax (x intercept) and enhanced bilobal form of the F301A mutant relative to MMP-1*. B-D, orthogonal views of the average low resolution solution state models of
pro-MMP-1* (B), MMP-1* (C), and MMP-1*(F301A) (D). In B, the SAXS model was overlaid automatically over the crystal structure of pro-MMP-1* (with an NSD of 1.65).
In C and D, a manual overlay was performed over the crystal structure of MMP-1* as automated overlays gave unacceptably poor fits (NSD values of 2.07 and 2.11,
respectively). In the crystal structures, the PRO domain is colored red, the CAT domain green, and the HPX domain blue. Note that, in C and D, unique orientations of the
MMP-1* crystal structure with respect to the ab initio low resolution structures could not be identified due to the similar sizes of the CAT and HPX domains. Thus, their
relative positioning here is arbitrary and only serves to highlight the discrepancy between solution-state and solid-state observations.
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tionally, in the previous study, the inclusion of Ca2�-
chelating EDTA in the dissociation phase buffer (62) may
have contributed to the lack of observed HPX-1 binding;
extraction of the Ca2� ion from the �-propeller of HPX-1 is
likely to destabilize the domain thus accelerating its dissoci-
ation rate from the immobilized THP and so increasing the
Kd.

For the most part, the data shown here is in agreement with
the recent results of Lauer-Fields and co-workers (29), who
used hydrogen/deuterium exchange mass spectrometry to
probe the collagen binding site of MMP-1. Both studies have
implicated �-propeller blade 1 in collagen binding. Further-
more, using site-directed mutagenesis and assay, the previous
study identified two specific residues, Ile290 andArg291, as play-
ing an important role in collagenolysis. These residues lie on
the A-B loop of blade 1 (Fig. 5) and are among those impli-
cated by the NMR-monitored titration in this study (Figs. 2
and 3A). In addition, in the crystal structures of both pro-
MMP-1 and MMP-1, Arg291 is salt-bridged to Asp338, the
mutation of which significantly reduces the collagen binding
activity of HPX-1 in our SPR-based assay (Fig. 4C). The pre-
vious study also implicated �-propeller blade 4 in collagen
binding (29), but here we find no strong evidence for its
involvement. However, it is important to note that the
hydrogen/deuterium exchange mass spectrometry experi-
ments did not detect direct contact to blade 4 per se, but
rather changes in its dynamics upon complex formation.
Therefore, we believe that THP binding to blades 1 and 2
stabilizes blade 4, thus restricting its dynamic behavior and
reducing its hydrogen/deuterium exchange rates.
In addition to Asp338, we have identified residues Phe301 and

Val319 as important contributors to collagen binding activity. Res-
idue Phe301 lies at the end of�-strandD inHPX-1 blade 1with its
aromatic ring oriented away from the core of the domain but
entirelyburied inan interfacewith theCATdomain (Fig. 5).Val319
is located within the �-helical turn of blade 1 with its side chain
solvent exposed on the “equator” of the oblate HPX domain (Fig.
5). Unlike Phe301, Val319 does not itself contact the CAT domain,
but it is in closeproximity to theCATdomain loopconnecting the
fifth �-strand and second �-helix (sequence Arg202-Tyr210), a
region previously shown to be required for collagenolytic activity
of intactMMP-1 (63).
Together with Phe316 and Phe320, residues Phe301 and Val319

form a hydrophobic strip along the HPX-1 surface in the cleft
formed with the CAT domain, which is proximal to the Arg291-
Asp338 salt bridge (Fig. 5). This hydrophobic stripmay form the
interaction surface for the nonpolar residues that surround the
scissile bond in each � chain of type I collagen. We note that
although expression of the F316A HPX-1 mutant was success-
ful, its refolding and purification failed to produce sufficient
quantities of soluble protein for assay. Thus, at this time, we
cannot ascertain whether Phe316 (or indeed Phe320) has any
involvement in collagen recognition.
At first sight, the positioning of Phe301 in the CAT-HPX

domain interface would appear to preclude its involvement
in collagen binding in the intact enzyme. It forms part of a
“ball and socket” joint between the domains, in which the
cluster of Arg300, Phe301, and Phe316 side chains (the “ball”)

in the HPX domain docks into a hydrated cavity encapsu-
lated by residues Gly233-Gln247 (the “socket”) of the loop
connecting the second and third helices in the CAT domain
(Fig. 7). The importance of this interaction is seen in the
MMP-1*(F301A) mutant that, from the SAXS data, appears
to completely dislocate the domains (Fig. 6, A and C) and
results in a �30-fold reduction in collagen binding activity
relative to MMP-1* (Fig. 4C).
However, this static picture of MMP-1 is not the full story. A

recent combined study using NMR and SAXS demonstrated
that the compact arrangement of domains in the crystal is not
fully representative of the conformation in solution (10).
Instead, for approximately one-third of the time, the enzyme
exists as a more extended arrangement of the CAT and HPX
domains. This discrepancy between the solid and solution
states is further highlighted here in the ab initio modeling of
MMP-1* from SAXS data (Fig. 6C). Furthermore, the previous
study identified residues involved in the domain-domain inter-
face whose high levels of exposure to a paramagnetic probe
were inconsistent with the compact arrangement of domains in
the crystal structure. Among thesewere residuesAsp245-Gln247
(10), which form part of the above socket. Therefore, the
domain separation most probably involves dislocation of the
ball and socket joint with concomitant exposure of the collagen
binding exosite involving Phe301 (Fig. 7).
The results presented here support the presence of a collagen

binding exosite in blade 1 of the HPX domain of MMP-1 that
requires dislocation from theCATdomain for full exposure to the
substrate. However, whether this domain separation is necessary
for the initial recognitionof thecollagen, or for its localunwinding,
or both, remains to be seen. Furthermore, we have demonstrated
that the compact conformation of MMP-1* observed by x-ray
crystallography is alsobiologically relevant, as completedisruption
of the CAT-HPX interface drastically reduces collagen binding
activity.Thus,MMP-1collagenaseactivitymostprobablydepends
on a subtle equilibrium between these compact and dislocated
states. In the future, disruption of this equilibrium by small mole-

FIGURE 7. The ball and socket joint in the CAT-HPX interface of MMP-1*. A
space-filling model of the crystal structure of MMP-1* is shown looking into the
active site cleft with the Zn2� ion colored white. Dislocation of the ball and socket
joint and rotation of the CAT (green) and HPX (blue) domains reveals the interact-
ing surfaces. The three residues comprising the ball are highlighted.
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cules that block the CAT-HPX interactionmay prove to be effec-
tive inhibitors of collagenase activity.
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