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The catalytic domain of metalloelastase (matrix metallopro-
teinase-12 orMMP-12) is unique amongMMPs in exerting high
proteolytic activity upon fibrils that resist hydrolysis, especially
elastin from lungs afflicted with chronic obstructive pulmonary
disease or arteries with aneurysms. How does the MMP-12 cat-
alytic domain achieve this specificity? NMR interface mapping
suggests that �-elastin species cover the primed subsites, a strip
across the �-sheet from �-strand IV to the II–III loop, and a
broad bowl from helix A to helix C. The many contacts may
account for the comparatively high affinity, as well as embed-
ding of MMP-12 in damaged elastin fibrils in vivo. We devel-
oped a strategy called BINDSIght, for bioinformatics and NMR
discovery of specificity of interactions, to evaluate MMP-12
specificity without a structure of a complex. BINDSIght integra-
tionof the interfacemappingwithother ambiguous information
from sequences guided choice mutations in binding regions
nearer the active site. Single substitutions at each of ten loca-
tions impair specific activity toward solubilized elastin. Five of
them impair release of peptides from intact elastin fibrils. Eight
lesions also impair specific activity toward triple helices from
collagen IV or V. Eight sites map to the “primed” side in the
III–IV, V–B, and S1� specificity loops. Two map to the
“unprimed” side in the IV–V and B–C loops. The ten key resi-
dues circumscribe the catalytic cleft, form an exosite, and are
distinctive features available for targeting by new diagnostics or
therapeutics.

Although protein-protein interactions are universally
important, mechanistic understanding of their specificity is
often poor (1). An impediment to detailed understanding of
proteolytic attack of proteins is the transience and potential
heterogeneity of the interactions, which interfere in capturing
the structure of a substrate complex by crystallography or other

methods. These complications affect characterization ofmatrix
metalloproteinase-12 (MMP-12),3 the metalloelastase secreted
by humanmacrophages at sites of inflammation. To investigate
howMMP-12 achieves specificity for protein fibrils from lungs
and arteries, we developed an approach designated BINDSIght,
for its combination of bioinformatics and NMR discovery of
specificity of interactions.
In lungs, arteries, skin, and basement membranes, elastin

provides elastic recoil, is heavily cross-linked, and is difficult
to digest. Collagens are ubiquitous and comprise �25% of the
protein mass of the body. Damage to fibrils of the extracellular
matrix by proteases such asMMP-12 contributes to the inflam-
mation and chronic disease states of chronic obstructive pul-
monary disease (2–4), atherosclerosis (5–6), abdominal aortic
aneurysm (7), multiple sclerosis (8), ulcerative colitis (9),
asthma (4), and rheumatoid arthritis (10). The progression
of chronic obstructive pulmonary disease/emphysema and
(abdominal aortic aneurysm) in smokers depends in large part
on MMP-12 expression (11) and its degradation of elastin (7,
12). Release of elastin fragments provides crucial stimulation
thought to amplify and prolong chronic inflammation (13).
Minute quantities of 10- to 50-kDa fragments of elastin are
potent chemoattractants of monocytes to the lung in pulmo-
nary emphysema where they differentiate into alveolar macro-
phages (14) that secrete MMP-12 (15). Elastin degradation
products are released largely by neutrophil elastase in concert
with MMP-12 (12). 36 sites of MMP-12 digestion of elastin
fibrils have been identified (16).
Mature elastin fibrils are insoluble, extensible, and intimately

mingled with collagen, fibulin, other glycoproteins, and
polysaccharides such as chondroitin sulfate (17–18). Mature
elastin chains are cross-linked by desmosine linkages formed
among most lysine residues (18, 19). Elastin is “rubber-like,”
amorphous by x-ray fiber diffraction, and does not crystallize
(20). It is heterogeneous from time of secretion as tropoelastin
(21) through itsmaturationwith progressivelymore cross-link-
ing by lysyl oxidase (22) and when solubilized into �-elastin
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(23). Tropoelastin contains 700 residues that are mainly gly-
cine, alanine, valine, and proline in repetitive sequences (ren-
dering it unfit for NMR structure) and organized into domains
that are alternately hydrophobic (Gly-rich or Pro-rich) or for
cross-linking (Lys-containing and enriched in Ala or Pro) (20).
Its structure largely appears to be extended polyproline II con-
formation in equilibriumwith disorder, plus�-turns thought to
shift in lending entropy gain and elasticity (20). Tropoelastin is
susceptible to cross-linking in domains 12 and 19–25 (24).
Investigations have focused on soluble derivatives of mature
elastin such as �-elastin and peptide models of repeating
sequences (20). When warmed toward 37 °C, �-elastin revers-
ibly phase separates into a viscous, milky liquid (17) with
increased structure (25) and formation of 50-Å filaments and
700-Å fibrils that resemble elastin (26). The reductionist
approach has been validated by the self-assembly intrinsic to
�-elastin and peptide fragments as small as 3.4 kDa (27, 28).

Ability to digest elastin, collagen IV, fibrillar collagens I and
V, and the triple helical peptide (THP) mimic of the cleavage
site in collagen V is shared among MMPs 2, 9, and 12 (29–34).
Collagen V and this THP are not susceptible to cleavage by
other MMPs (34). Collagen V is a component of ubiquitous
collagen I fibrils that regulates their diameter (35). The catalytic
domain of MMP-12 hydrolyzes skin collagen types I and III at
several sites (32). Insight into the unique ability of its catalytic
domain to digest collagens V and I may have broader relevance
to the classic question of how homologous catalytic domains of
collagenases engage and attack the triple helix. MMP-2 and -9
require their insertions of fibronectin-like modules to digest
elastin, collagens, andTHPs (36–40). By contrast, the activated
formofMMP-12 in vivo is simply its catalytic domain (15).Why
is the catalytic domain ofMMP-12 sufficient for high activity in
cleaving protease-resistant fibrils such as elastin and collagen
V? Addressing this question may lend insight into specificity of
MMPsmore generally and into strategies for selective and clin-
ical recognition and inhibition.
Past investigations of specificity focused on interactions of

medicinal compounds with the S1� specificity pocket (41–43)
in a quest for selectivity to diminish side effects. MMP-12 and
its close homologues of MMP-3, -8, and -13 possess similar S1�
specificity pockets (42). The side chains of protein substrates
are, however, too short to sample the depths of the S1� pocket.
Peptides from elastin were recently simulated to extend across
the active site cleft of MMP-12 (44). Given the high conserva-
tion of the central active site cleft, what might imbue the
MMP-12 catalytic domain with its specificities? Elastins and
collagens should spill out of the cleft. Consistent with this,
the triple helical peptidase activity of MMP-1, -8, and -12
involves the V–B loop preceding the active-site helix B (33,
45–47). A triple helical peptide substrate derived fromcollagen
V contacts not only this exosite but also appears to cover other
sites in loops and atop the �-sheet even more remote from the
active site cleft of MMP-12 (33).
To probe subtle features that tune the specificities, we

employed: (i) NMR to locate physical contacts between inacti-
vated enzyme and mini-protein substrates, (ii) sequence posi-
tions that distinguish enzyme subfamilies, and (iii) subtle, tar-
geted lesions on the surface that aim to impair only specific

activities. This BINDSIght combination of experimental inter-
face mapping with distinctiveness in sequence reliably identi-
fied less than obvious residues as conferring advantages to
MMP-12 in specific activity for substrates from elastin and
collagen fibrils, relative to MMP-3. The catalytic domain of
MMP-3 is useful for comparison due to its relative lack of the
specific activities, its 60% sequence identity withMMP-12, and
sharing almost indistinguishable backbone structural coordi-
nates (48). The BINDSIght approach builds on NMR evidence
that 20-kDa species of solubilized elastin protect the surface of
MMP-12 from its active-site cleft across flanking loops and a
strip across the �-sheet to a broad surface on the most remote
side of the catalytic domain. Point mutations of interfacial res-
idues at positions on the periphery of the active site that distin-
guish MMP-12 from other subfamilies preserve a wild-type
level of general MMP peptidase activity while diminishing
the specific activities toward much bulkier elastin and colla-
gen triple helical substrates. The evidences suggest that opti-
mization of MMP-12 for digestion of solubilized elastin and
some triple helices can involve the perimeter of the active
site and at least one exosite.

EXPERIMENTAL PROCEDURES

MMP Samples—The catalytic domain of human MMP-12
(EC 3.4.24.65) extends from Phe-100 to Gly-263. Samples of it
were prepared as described (49), but with an optimized folding
procedure (50). A final SP-Sepharose step (pH7.5) removed any
misfolded MMP-12. The catalytic domain of human MMP-3
(EC 3.4.24.17) was also prepared from inclusion bodies (51).
Samples for activity analyses were stored in small aliquots at
�80 °C at 10 �M in 20 mM Tris-HCl (pH 7.2), 10 mM CaCl2, 0.1
mM ZnCl2, 50% w/v glycerol. NMR samples of MMP-
12(E219A) were typically 0.3–0.4 mM in 20 mM imidazole (pH
6.6), 10 mM CaCl2, and 20 �M ZnCl2.
Elastin Samples—Insoluble elastin fibrils conjugated with

fluorescein were from Elastin Products Co. (Owensville, MO).
Soluble �-elastin from bovine neck ligament (Elastin Products
Co.), amixture of fragments with a broad continuumofmasses,
was fractionated with size exclusion chromatography on a
HiLoad 16/60 Superdex 200 column (GE Healthcare) operated
with a Bio-Rad BioLogic Duo Flow chromatography system.
Desmosine cross-linking was quantified in the�-elastin species
of nearly 20 kDa and nearly full length (�125 kDa by SDS-
PAGE and �100 kDa by MALDI-TOF). Each fraction was
mixed with an equal volume 12 NHCl and hydrolyzed at 100 °C
for 24 h. The acid was evaporated, and the sample was redis-
solved inwater and assayed for desmosine (52) and protein (53).
Three of �32 lysines of the elastin sequence (54, 55) plus

�-amino groups (17) were expected to be available for conden-
sation with fluorophores close enough to quench one another.
�-Elastin was conjugated with amine-reactive BODIPY FL
(Invitrogen). 1 mg of the dimethyl-BODIPY was dissolved in
200 �l of anhydrous DMSO and added dropwise to 5 ml of a 10
mg/ml solution of �-elastin. The reaction was stirred in dark-
ness at 25 °C for 1 h and size fractionated in darkness using the
Superdex 200 column. The �100- and 20-kDa fractions were
designated fEln-100 and fEln-20, respectively.
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Proteolysis Substrates—The fEln-100 and fEln-20 were used
in measuring and comparing apparent kcat and Km of proteol-
ysis in solution. Proteolysis relieves the self quenching of the
BODIPY FL to increase the fluorescence emission, which peaks
at �515–516 nm (supplemental Fig. S1b), where progress
curves were monitored. The assays were performed at 25 °C in
TNC buffer (50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 10 mM

CaCl2, 0.1 mM ZnCl2, and 0.035% Brij-35).
DQTM-collagens I and IV and the soluble Knight’s substrate

FS-6 were purchased from Invitrogen. The �1(V) 436–437
fTHP is selective for MMP-2, -9, and -12 and derived from the
MMP-2 and -9 cleavage site in type V collagen (33–34). The
proteolytic assays were performed at 25 °C in TNC buffer.
Kinetic Assays ofMMPs andVariants—For accuracy in fits of

steady-state kinetics, the concentrations of enzyme active sites
in samples of all enzyme variants were carefully titrated with
known concentrations of the tight-binding inhibitor galardin
(GM6001, EMD) and fitted as described (56). The kcat/Km for
each FRET substrate and enzyme variant was evaluated under
pseudo first-order conditions of [S] �� Km (57). Individual kcat
andKm parameterswere determined for the substrates of better
defined mass (fEln-100, fEln-20, �1(V) 436–447 fTHP, and
FS-6) by the expedited method of fitting a few progress curves
(58). This approach minimizes concerns about fluorescence
non-linearity, expense of substrate, and substrate solubility.
Progress curves for fEln-100, fEln-20, �1(V) 436–447 fTHP,
and DQ-collagen I and IV substrates were fitted through the
plateau of the first kinetic phase, corresponding to 1–3 h of the
progress curves, prior to the subsequent kinetic phase.4 A lag of
10–15 min was observed prior to fluorescence increase of the
fEln-100 substrate. Example fits of progress curves are illus-
trated for fEln-100 and fEln-20 and the DQ-collagens in sup-
plemental Figs. S2 and S3, respectively.
The kinetics of fluorescence increase were monitored using

an SLM-Aminco 8100 spectrofluorometer upgraded with pho-
ton counting and Peltier thermal control (ISS, Champaign-Ur-
bana, IL)with excitation� � 490 nmand detection� � 512 nm.
Kinetics of digestion of the fEln-100 substrate (and fEln-20)
were also monitored with a BioTek Synergy MX plate reader
reading from the bottom of 96-well plates covered to prevent
evaporation during progress curves 3–6 h long (for WT-,
S230A-, V243S-, G178N-, and I180S-substituted MMP-12).
NMR Assays of Elastin Interactions—The soluble �-elastin

species of �20 kDa were designated Eln-20 and were used pri-
marily for assays of interactions with inactivated MMP-
12(E219A) monitored by NMR. TROSY spectra of 15N-labeled
MMP-12(E219A)were acquired at 26 °C using a BrukerAvance
III 800-MHz spectrometer fitted with a TCI cryogenic probe.
The resulting high sensitivity and resolution enabled quantita-
tive comparison of free and Eln-20-bound states of E219A-
inactivated MMP-12. NMR spectra were processed with
NMRPipe (59) or TopSpin 2.1 and interpreted using SPARKY
(60). Stock solutions of Eln-20 were 10-fold more concentrated
than MMP-12(E219A). Chemical shift perturbations of back-
bone amide 1H and 15N frequencies of MMP-12(E219A) upon

additions of Eln-20 up to 1.5-foldmolar excess weremonitored
in 800-MHz TROSY spectra (Fig. 1a).
Surfaces of MMP-12(E219A) that Eln-20 protects from the

NMR line-broadening effects of Gd(III)�EDTAweremapped by
the method of previous studies (33, 61–62). 800-MHz TROSY
spectra were collected for 15NMMP-12(E219A), free and in the
presence of 1.5-molar equivalents of Eln-20, each without and
with the addition of 0.8 mM Gd(III)�EDTA. To allow the water
and amide signals to recover a similar degree in the absence of
the paramagnetic Gd(III)�EDTA as they do rapidly in its pres-
ence, the delay for recovery between transientswas increased to
3 s. (Normalized peak heights, i.e. with red circles � 1.0 in Fig.
2a, suggest that the recovery was still not quite complete with-
out Gd(III)�EDTA.) The broadening and exposure to the
Gd(III)�EDTA probe in either the free or bound state is repre-
sented by the peak height in the presence of Gd(III)�EDTA
divided by the peak height in its absence (Fig. 2a). The protec-
tion of theMMP-12 surface conferred by Eln-20 is represented
by plotting the normalized peak heights of Gd(III)�EDTA-
probed Eln-20-saturated state minus the normalized peak
heights of Gd(III)�EDTA-probed free state (see Fig. 2b). A
standard deviation of uncertainty in NMR peak height is esti-
mated to be 1.5/(S/N), using the S/N reported by SPARKY,
where noise N is root mean square noise. Standard rules of
error propagation were used to estimate uncertainties of the
ratios and differences of ratios.
Distinctive Sequence Features by Evolutionary Trace Analysis—

MMP sequences from diverse organisms aligned at the HSSP
database were downloaded by Evolutionary Trace (ET) Report
Maker (63), which deleted truncated and duplicate sequences
of the catalytic domains. 286 unique sequences were submitted
to the ET server at Cambridge (UK) for separation into subfam-
ilies and construction of their class consensus sequences. Vari-
able sequence positions were designated class-specific when
conserved within � 17 of 18 (51 of 54) subfamilies and nearly
class-specific (64) when conserved within � 15 of 18 (45 of 54)
subfamilies (supplemental Fig. S4).
BINDSIght Prioritization of Mutagenesis—A residue’s likeli-

hood of contributing specificity was scored for evidences of
distinctiveness in sequence (supplemental Figs. S4 and S5), burial
within a binding interface with the protein partner/substrate
(Fig. 2) and amide NMR peak being shifted or broadened (Fig.
1). The outcome of ET was assigned a score of 1 when a residue
is class-specific (distinctive) or 0.5 when nearly class-specific
(supplemental Figs. S4 and S5). A fully conserved residue was
penalized by �3 and almost fully conserved by �2. Scores of 2,
1, or 0.5 were added in Fig. S5 for residues that had the most,
medium, or moderate protection within interfaces with amini-
protein partner of either Eln-20 (Fig. 2) or�1(V) 436–450 THP
(Fig. S5 of Ref. 33). Where the mini-protein partner introduces
a significant perturbation in NMR chemical shift or line broad-
ening, 1 was added to the score of the affected residue, or 0.5 for
a modest peak shift (Fig. S5). The thresholds of protection
within the interfaces and peak perturbations by the Eln-20 or
�1(V) 436–450 THP partners are listed in the legend of Fig. S5.
Mutagenesis avoided invariant or buried residues and instead
focused on residues with high BINDSIght scores (supplemental
Fig. S5) that lie within 22 Å of the catalytic zinc ion.4 M. O. Palmier, Y. G. Fulcher, and S. R. Van Doren, unpublished observation.
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Site-directed Mutagenesis—Site-directed mutagenesis was
performed using the QuikChange multisite-directed mutagen-
esis kit or Easy-A High-Fidelity PCR Master Mix (Stratagene)
with only 12–15 cycles of PCR to avoid a second site mutation.
DNA sequencing ensured the desired mutation and none oth-
ers in the coding frame. Enzymes were expressed in Escherichia
coli BL21 DE3.
Peptide Release from Insoluble Elastin Fibrils—The MMP

variants were compared in terms of release of fluorescent pep-
tides (65) from elastin-fluorescein particles (75–37 �m, Elastin
Products Co.) in incubations at 37 °C at 2 mg/ml in TNC buffer
with gentle shaking. 80 nMMMPvariantwas incubatedwith the
fibrils for 16 h. Excitation was at 490 nm and emission at 520
nm. The supernatants containing the elastin peptides released
were diluted 10-fold for fluorescencemeasurements tomitigate
any loss of linearity from the inner-filtering effect.
Double Mutant Cycle Analysis—The catalytic efficiency

(kcat/Km) of combined mutations was appraised in terms of
coupling energy (�GI) for the pair of lesions using the expres-
sion (66),

��Gmut1,2 � ��Gmut1 � ��Gmut2 � �G1 (Eq. 1)

where ��Gmut is defined as the transition-state stabilization
energy (67) in Equation 2.

��Gmut � ��GT
‡ � �RT ln�	kcat/Km
mut/	kcat/Km
wt� (Eq. 2)

RESULTS

The questions of what surfaces of MMP-12 make it such a
good elastase (15) and type V triple helical peptidase (33)
spurred us to develop both quantitative activity assays (33, 58)4
and the BINDSIght approach for recognizing which among a
plenitude of candidate residues contribute to the specificities.
We decided that understanding the specificity without struc-
tures of the complexes requires (i) binding sites mapped accu-
rately, (ii) finding distinguishing side chains at these interfaces,
and (iii) functional testing of subtlemutations of these positions
to be quantitative and efficient. The BINDSIght strategy incor-
porates these three values. First, we describe quantitative spe-
cific activities as benchmarks for comparison. Second, we
report themapping of crucial sites of contact betweenMMP-12
and fragments of solubilized �-elastin using NMR.We proceed
to consider residues that distinguish MMP subfamilies. We
combine this with the experimental interfacemapping to antic-
ipate the strongest candidates for tuning specific activities.
Finally, the importance of these residues to specificity is quan-
tified from perturbations of mild mutations.
High Activities of MMP-12 toward Substrates from Fibrils

from Extracellular Matrix—We surveyed the steady-state
kinetics parameters of elastolysis, triple helical peptidase, and
linear peptidase activities of humanMMP-12 and MMP-3 cat-
alytic domains.
Soluble �-elastin (from complete solubilization of bovine

neck elastin using 0.25 M oxalic acid) (17) has been a favorite
substrate for elastolysis due to its sensitivity, specificity, repro-
ducibility (68), retention of physiological cross-linking (17), and
ability to form fibrils at 37 °C that resemble elastin (26). �-Elas-
tin is polydisperse and averages 17 cross-linked chains with a

mass of 60–84 kDa (among species up to 130 kDa) (17). We
used gel filtration to isolate fractions from the�-elastinmixture
appearing to migrate around 125 and 20 kDa by SDS-PAGE
(supplemental Fig. S1a), for use in proteolytic enzyme kinetics
and NMR interface mapping, respectively. Radioimmunoassay
(52) detected 46.5 and 48.3 nmol of desmosine per milligram of
each fraction of �-elastin. This corresponds to 2.4% and 2.3%
(w/w) desmosine, respectively, a heavy degree of cross-linking
similar to reports of 1.9% (w/w) desmosine for solubilized
bovine neck elastin (54) and 1.5% for insoluble bovine elastin
(69). Variability in the amount of cross-linking is suggested by
pI values of the larger fraction ranging from 4 to 7 with most
species having pI from 4.7 to 5.7.4 The two fractions were mix-
tures of masses peaking at �100 and 17.8 kDa, respectively, in
MALDI-TOF mass spectra (supplemental Fig. S1, c and d).
We conjugated a sample of �-elastin with BO-DIPY FL, iso-

lated gel-filtration fractions of these masses from the reaction
mixture, and designated them fEln-100 and fEln-20 (referring
to approximate mass). The labeling is heavy enough for self-
quenching. Proteolysis of the cross-linked chains releases fluors
and fluorescence quenching to support FRET assays (supple-
mental Figs. S1b and S2) for quantitative comparisons of appar-
ent kcat and Km of soluble elastin hydrolysis by MMP-12 vari-
ants. Addition of MMP-12 initially and temporarily quenches
fluorescence emission (supplemental Fig. S1b), suggesting that
it might draw �-elastin species together. fEln-100 and fEln-20
are subsequently hydrolyzed with by far the slowest apparent
turnover numbers kcat that we have observed among substrates
of MMPs (supplemental Fig. S2, a and b, and Table 1). This is
compensated by their high apparent affinities (lowest apparent
Km values of 1.0 �M), relative to other substrates. MMP-12
digests themwith apparent second order rate constants kcat/Km
of around 10,000 M�1 s�1 for fELN-100 (Table 1) and 1,500
M�1 s�1 for fEln-20 fragments. MMP-3 catalytic domain has
12-fold lower kcat/Kmof 830M�1 s�1 toward fELN-100,which is
mainly a consequence of its 13.5-fold lower kcat (Table 1). Km
values for small linear peptide substrates, such as soluble
Knight’s substrate (FS-6) (70), are two orders of magnitude
weaker (Table 1). MMP-12 is highly active upon a triple helical
peptide from type V collagen (�1(V) 436–447 fTHP (49)),
whereas MMP-3 and other MMPs except MMP-2 and -9 are
inactive toward this substrate (34) (Table 1). MMP-12 also
exhibits 265-fold greater catalytic efficiency (kcat/Km) toward
DQ-collagen IV comparedwithMMP-3 (supplemental Fig. S3a
and Table 1). Thus, homologous MMP-3 catalytic domain can
serve as a “negative” control in comparison with MMP-12.
Chemical Shift Mapping of Elastin Binding Sites onMMP-12—

To locate potential binding sites for �-elastin using NMR, we
implemented Eln-20 due to itsmass and solubility amenable for
quantitative NMR in solution, its physiological and mature
cross-linking, potential for self assembly (28), and its sharing
1.0 �M Km with fEln-100 for MMP-12. Use of E219A-inacti-
vated MMP-12 prevented digestion of Eln-20. The extent of
this structural perturbation is localized to residue 219 in the
active site (49, 71–72).
Addition of a 1.5-fold molar excess of Eln-20 to 15N-labeled

MMP-12(E219A) broadened the amide peaks in its TROSY
spectra to a median of 13% of the peak heights of its free state
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(after correction for modest dilution). This suggests that the
elastin fragments slow the tumbling of the MMP-12(E219A)
substantially by increasing its hydrodynamic radii in complex,
more than expected of a binary complex. The amide groups of
MMP-12 (E219A) among the 10% most broadened by addition
of Eln-20 (Fig. 1a), and potentially in contact with the �-elastin
species, surround the active site (light green in Fig. 1b). The
clearly broadened residues are found at theN terminus: Ser-142
of a remote loop; the upper curve of the S shape of the III–IV
loop; Ile-180, Ala-182, and Phe-185 in and flanking �-strand
sIV; His-196 (zinc ligand from sV); the V–B loop; the N-termi-
nal end of helix hBunder the active site; andThr-239 to Lys-241
of the S1� specificity loop known to contact competitive inhib-
itors (Fig. 1). Interspersed among these are residues with back-
bone amide NMR peaks that are slightly shifted by the addition
of Eln-20. They lie at theN terminus, sII, III–IV loop, V–B loop,
C-terminal end of hB, and conservedMet-236. The side chains
of some affected residues are buried in the core: Val-108, Phe-
149, Phe-213, Ala-216, Leu-224, and Met-236.
Elastin Binding Sites Identified Near and Far fromActive Site

Using Surface Probe—We are circumspect about chemical shift
mapping of binding sites in that it sometimes overestimates
interfaces (61), misses interfaces (73), and responds to binding-
linked conformational adjustment (49, 74). A spectral “foot-
printing” method, however, seems to render consistently
accurate discrimination of residues within versus outside a
biomolecular interface, for protein-protein and protein-DNA
associations ranging in Kd from 2 nM to 30 �M (33, 61–62,
75–76). It uses NMR to locate binding-dependent burial from
an inert paramagnetic probe (preferably Gd(III)�EDTA or
Gd(III)�DTPA�BMA) of exposed surfaces. Eln-20 protects
extensive surfaces of MMP-12(E219A) from NMR line broad-
ening by Gd(III)�EDTA (Fig. 2), including surfaces around the
periphery of the active site. Eln-20 protects the following loci
from the line broadening effects of the probe: the III–IV loop,
sIV, the V–B loop, hB, and the S1� specificity loop (Fig. 2, a and
b). Eln-20 appears to block access by Gd(III)�EDTA specifically
to the amide groups ofGly-166,His-168, Asp-175,Gly-178, and

Ile-180 from the III–IV loop; Ala-182 and His-183 of sIV; Glu-
199, Glu-201, Trp-203, His-205, and Gly-207 of the V–B loop;
Thr-210 to Phe-213, Thr-215, Ala-216, Ala-219, Gly-221, and
Gly-225 in and near hB; and Tyr-240 and Lys-241 of the S1�
specificity loop (Fig. 2, b and d).

Eln-20 also protects two novel patches remote from the
active site. The first is a swath across the �-sheet from sV and
the III–IV loop across sIII to sI and the II–III loop (Fig. 2c).
These protected residues are: Thr-115 to Asn-119 of sI; Asn-
153, Gly-155, and Met-156 of the II–III loop projecting above
the �-sheet; Val-162 to Ala-164 of sIII; Gly-166 and His-168 of
the III–IV loop; and Phe-197 and Glu-199 of sV. Eln-20 pro-
tects a second and larger remote patch extending fromhA tohC
and including neighboring loops. This Eln20-protected cluster
includes Tyr-132 to Ser-142 of hA; Val-144, Leu-147, and Lys-
148 of the A-II loop and sII; Thr-247 to Leu-250 at the C-ter-
minal end of the B-C loop; and Ile-255, Gln-259, and Tyr-262
on an exposed side of hC (Fig. 2, b and e).
Sequence Positions Distinguishing Groups of MMP Catalytic

Domains—To identify sequence positions characteristic of
subfamilies ofMMPs thatmight influence specificities, we con-
ducted evolutionary trace analysis (ET) (77) of 286 unique and
diverse MMP sequences. A threshold of 87% sequence identity
separated the phylogenetic tree into 54 branches. The class
consensus sequences representing the conservation within
each of these 54 subfamilies are shown in supplemental Fig. S4.
ET identifies residues, termed class-specific, that can distin-
guish one or more subfamilies and possibly tune specificities
for partners (77). Of �165 amino acids of an MMP catalytic
domain, 34 are class-specific (supplemental Fig. S4), and 51 are
nearly class-specific. The nearly class-specific setwas created to
highlight more residues around the active site that are affected
in NMR assays.
BINDSIght Combination of Interfaces and Distinctive Se-

quences—The key idea of BINDSIght is to identify the distinc-
tive residues in or near binding sites that may confer specificity
to the interaction. This involves combining maps of binding
sites, whose borders may be defined ambiguously (e.g. chemical

TABLE 1
Catalytic properties of MMP-12 variants (25 °C, pH 7.5) for substrates from �-elastin and collagens IV and V

MMP-12 variant
General substrate FS-6 fELN-100 �1(V) 436–447 fTHP DQ-Col IV

kcat/Km kcat Km kcat/Km kcat Km kcat/Km kcat Km kcat/Km

M�1 s�1 s�1 �M M�1 s�1 s�1 �M M�1 s�1 s�1 �M M�1 s�1

Controls
MMP-12a 133,800b � 6000 17.4 � 0.6 130 � 4 9,880b � 480 0.0105 � 0.0005 1.1 � 0.1 55,400c � 350 1.23c � 0.1 22.2c � 5.6 29,200b � 190
MMP-3 20,660b � 30 3.2 � 0.1 154 � 3 830b � 40 0.0008 � 0.0001 0.9 � 0.1 �50d NDd NDd 110b � 10
MMP-12/MMP-3 6.5b 5.4 0.84 12b 13.5 1.2 �1,000 265b
S230A 148,100 � 1130 20.0 � 1.7 135 � 1 9,570 � 480 0.0105 � 0.0005 1.1 � 0.1 55,730 � 210 1.11 � 0.05 20 � 1 22,130 � 30
V243S 140,400 � 650 18.0 � 1.2 128 � 1 9,640 � 480 0.0096 � 0.0005 1.0 � 0.1 55,840 � 70 2.79 � 0.08 50 � 1 25,448 � 34

Specificity
G178N 107,900 � 400 13.6 � 0.4 126 � 1 6,460 � 320 0.0066 � 0.0003 1.0 � 0.1 41,670 � 20 0.83 � 0.04 20 � 1 18,360 � 40
I180S 141,800 � 400 24.1 � 2.2 170 � 2 2,860 � 140 0.0037 � 0.0006 1.3 � 0.1 42,240 � 60 0.42 � 0.04 10 � 1 20,270 � 40
F185Y 138,300 � 300 20.7 � 1.4 150 � 10 3,910 � 200 0.0164 � 0.0019 4.2 � 0.5 2,950 � 10 0.44 � 0.03 150 � 11 4,080 � 20
F202Q 139,000 � 200 18.0 � 0.9 130 � 7 5,500 � 280 0.0176 � 0.0020 3.2 � 0.4 5,790 � 40 0.38 � 0.03 65 � 5 10,990 � 90
T205K 135,400 � 200 18.9 � 2.0 140 � 15 3,910 � 200 0.0096 � 0.0006 2.4 � 0.2 13,540 � 1080 0.41 � 0.03 30 � 1 8,200 � 40
H206D 126,500 � 100 17.7 � 0.3 140 � 2 4,450 � 220 0.0183 � 0.0018 4.1 � 0.4 8,590 � 180 0.27 � 0.01 31 � 1 9,220 � 30
T210Y 145,700 � 200 17.7 � 1.2 122 � 7 6,040 � 300 0.0263 � 0.0016 4.4 � 0.3 26,150 � 160 0.78 � 0.02 30 � 1 30,510 � 1440
G227F 124,600 � 100 19.0 � 4.0 150 � 6 5,410 � 270 0.0119 � 0.0008 2.2 � 0.1 10,880 � 80 0.11 � 0.01 10 � 1 16,830 � 60
T239L 122,700 � 200 17.0 � 0.5 136 � 4 4,680 � 230 0.0112 � 0.0006 2.4 � 0.1 5,210 � 20 0.09 � 0.01 18 � 1 7,820 � 80
K241H 115,500 � 200 16.0 � 0.3 137 � 3 5,250 � 540 0.0176 � 0.0029 3.35 � 0.2 4,450 � 30 0.20 � 0.02 46 � 2 11,880 � 230

a WT figures are an average of numerous repetitions.
b From Liang et al. (72).
c From Bhaskaran et al. (33).
d From Lauer-Fields et al. (34).
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shift mapping), with the distinguishing sequence information,
whose relevance to the molecular associations of interest may
be in question. To address ambiguity in chemical shift mapping
of binding sites, we also considered enzyme surfaces covered by
the substrate protein and protected from the line broadening
probe, a mapping expected to be more accurate and complete.
Fig. 3 illustrates the concept of combining the interfaces that
occlude the probe molecule (blue) with locations having NMR
peaks perturbed by protein substrate (magenta) with sequence

positions that distinguish protein subfamilies (green). Residues
identified in two of the three assays may represent candidates
with better prospects of tuning specificity, because of the
increased likelihood that they are distinguishing features in or
near binding sites.
The intersections of these sets narrowed the candidates to

a number more manageable for site-directed mutagenesis,
preparation of mutant enzymes, and functional comparison.
Though the Eln-20 species appear to cover extensive sur-
faces of MMP-12 (Fig. 2, c– e), only 28 of these positions can
distinguish sequences of MMP subfamilies (blue � green in
Fig. 3a). Eleven residues both have NMR peaks perturbed by
Eln-20 and side chains that can distinguishMMP subfamilies
(lavender � green in Fig. 3a). The distinctive positions in
sequence in these intersections map to the loops flanking sIV
and hB (Fig. 3a) that form walls of the active site, and to
remote sites.
Regarding interactionswith theTHP from collagenV, chem-

ical shift mapping and this substrate’s occlusion of the line
broadening probe from the surface of MMP-12(E219A) were
reported (33). This �1(V) 436–450 THP covers fewer surface
residues (�37) (Fig. 3b) than does Eln-20. Of these residues
occluded by �1(V) 436–450 THP, 19 are distinctive positions
in sequence (blue � green in Fig. 3b). Eight of the THP-covered
residues also have NMR peak positions perturbed by the THP
(lavender � blue in Fig. 3b). 18 residues are highlighted by
chemical shift mapping and distinguishing side chains (laven-
der � green in Fig. 3b). Thus, this BINDSIght result suggests at
least 28 residues to be candidates for enhancing either the ela-
stase activity of MMP-12 or triple helical peptidase activity
toward �1(V) 436–447 fTHP (Fig. 3b). These are marked on
the structure in supplemental Fig. S6.
BINDSIght-guided Choice of Mutations—In prioritizing res-

idues listed in Fig. 3 for evaluation, we assigned a cumulative
score to evidences of contributions to high activity toward fEln-
100 or�1(V) 436–450 fTHP (supplemental Fig. S5). A residue’s
score increased if protected within a binding interface with
Eln-20 (Fig. 2) or �1(V) 436–450 THP mini-proteins (Fig. 4 of
Ref. 33), having sequence characteristic of its MMP subfamily
(class-specific in supplemental Fig. S4), and/or having its NMR
peak perturbed upon addition of Eln-20 (Fig. 1) or �1(V) 436–
450 THP (Fig. 2 of Ref. 33). We deemed surface-exposed sites
with net BINDSIght scores of 1.5 or greater (supplemental Fig.
S5) more likely to enhance the activities of MMP-12 toward
substrates derived from elastin or collagen triple helices. This
criterion retained 28 or more candidate residues. We focused
on candidates around the periphery of the active site. These are
separated from the catalytic center but are near enough for
potential contact with a protein fibril too large to be contained
within the cleft. The BINDSIght plots of supplemental Fig. S5
raise the question of Gly-178, Phe-185, Thr-210, Thr-239, and
Lys-241 enhancing specific activity for both substrates from
elastin and collagen V.
To evaluate candidates suggested by BINDSIght, we con-

structed single substitutions to the corresponding residue of
a much less active MMP homologue, usually MMP-3
(stromelysin 1), but occasionally MMP-10 (stromelysin 2) or
MMP-1 (collagenase 1): G178N, I180S, F185Y, F202Q,

FIGURE 1. Fragments of soluble elastin exert NMR spectral effects around
the periphery of the active site cleft of inactivated MMP-12. Eln-20 was
added at 1.5-fold molar excess over E219A-inactivated MMP-12 (0.3 mM). The
10% of amide TROSY peaks most broadened by the addition are marked with
triangles in a and light green coloring of the NMR structure (49) in b. The
backbone ribbon and transparent molecular surface in standard orientation in
b displays unprimed subsites at left and primed subsites at right. Radial
changes in chemical shift of amide NMR peaks in a, ��HN � [��H

2 
 (��N/
5)2]1/2, were measured at 800 MHz, 26 °C, and pH 6.6. Residues with Eln-20-
induced ��HN � 0.04 ppm are red and those with 0.04 � ��HN � 0.02 ppm
are orange in b. �-Strands are labeled with Roman numerals, and helices are
labeled with letters a and b.
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T205K, H206D, T210Y, G227F, T239L, and K241H. Natural
selection has validated these side-chain substitutions as suit-
able in the corresponding environments of homologous
MMPs to support their activity and very similar structure.
Some are more subtle than alanine substitutions. To test the
ability of BINDSIght to predict inconsequential mutations
from lower BINDSIght scores of 0.5–1 (supplemental Fig.
S5), we prepared S230A and V243S lesions at similar dis-
tance from the active-site cleft.
Peripheral Lesions Impair Activity for Substrates from Fibrils

and Retain Activity upon a Peptide—We characterized the
steady-state enzyme kinetics of each mutated enzyme with a
control peptide substrate susceptible to metalloproteinases in
general (soluble Knight’s or FS-6 (70)), fEln-100, and �1(V)
436–447 fTHP (34) in terms of kcat andKm. The resultswith the
general substrate FS-6 monitor catalytic consequences of any
conformational adjustments from a mutation propagating to
the active site. For testing relevance to other collagenase activ-
ities, we employedDQ-collagen IV (Table 1) andDQ-collagen I

(supplemental Table S1). Control mutations S230A and V243S
retain essentially wild-type activities toward the five substrates,
except that S230A modestly diminishes activity toward DQ-
collagen IV (Table 1). These results validate the BINDSIght
prediction of inconsequential locations.
Each enzyme variant with a pointmutation targeting specific

activity for �-elastin or �1(V) 436–447 fTHP retained from
81% to 109% of WT general activity toward the small peptide
substrate FS-6. This suggests a lack of catalytically important
conformational adjustment from eachmutation propagating to
the active site. The catalytic efficiencies of the ten variants
toward fEln-100 averaged around 2-fold down fromWT, rang-
ing from 28% of WT (I180S) to 63% of WT (G178N) (Table 1
and Fig. 4). To test how well these impaired activities might
represent hydrolysis of intact insoluble elastin fibrils, activity in
release of peptides from elastin fibrils was compared. The
G178N, I180S, F202Q, T239L, and K241H lesions each
impaired release of peptides from insoluble elastin in overnight
digestions (Table 2).

FIGURE 2. Elastin fragments protect extensive surfaces of MMP-12(E219A) from a Gd(III)�EDTA probe. a, exposure of amide protons to NMR line broad-
ening by 0.8 mM Gd(III)�EDTA. Peak heights are from 800-MHz TROSY spectra of 0.3 mM MMP-12(E219A) (pH 6.6, 26 °C) without or with addition of 1.5-fold molar
excess of Eln-20. Peak heights with 0.8 mM Gd(III)�EDTA present, I800�M, are normalized by peak heights without it, I0, for the free state (black triangles) or
Eln-20-bound state (red circles). Higher ratios in a indicate greater burial while low ratios toward zero indicate greater exposure to the soluble probe. b, plot of
differences in I800�M/I0 between bound and free states. Large, positive differences in b indicate greater apparent burial by Eln-20, whereas smaller differences
indicate less apparent burial. Overall line broadening in the presence of Eln-20 increases uncertainties in peak heights. The apparent protection in b is mapped
onto the enzyme surface in c– e. Residues among the 10% most protected by Eln-20 from broadening by Gd(III)�EDTA (�0.246 and dashed line in b are red in
c– e). Residues among the next 15%, most protected by Eln-20 (�0.178 and dash-dotted line), are orange. Residues in the third tier of protection (�0.125 and
dotted line in b) are tan. d, standard orientation. c, rotated to view the �-sheet. e, rotated to view the “back” or “bottom” of the catalytic domain.
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The lesions result in greater losses in activity toward �1(V)
436–447 fTHP that range from 19-fold for F185Y to 1.3-fold
for G178N and I180S (Table 1 and Fig. 4). The impairments

toward DQ-collagen IV are as much as 7.2-fold for F185Y.
G178Nor I180S onlymodestly diminish proteolytic turnover of
either the �1(V) 436–447 fTHP or DQ-collagen IV (Table 1
and Fig. 4). All ten substitutions constructed diminishMMP-12
specific activity for fibril-derived substrates and map to sites
encircling the active site cleft (Fig. 5). Only the side chains of
T210Y and G227F are located within the catalytic cleft (Fig. 5).
All ten pointmutations targeting specificity preserve kcat and

Km within 22% for the small peptide substrate FS-6 (Table 2).
The I180S lesion increases kcat 39% and Km 31%, providing full
catalytic efficiency toward FS-6 (Table 2). Eight mutations pri-
marily increase Km for fEln-100, suggesting weaker affinity
(Table 1 andFig. 5a). TheG178Nand I180S lesions, in the lower
curve of the S-shaped loop prior to sIV, instead diminish kcat for
fEln-100 (Table 2 and Fig. 5a). The turnover rate constant kcat
toward �1(V) 436–447 fTHP is slowed in each of the ten point
mutants, but the decreases in kcat/Km of G178N or I180S are
limited. Apparent affinity for the �1(V) 436–447 fTHP is
impaired by lesions F185Y (IV–V loop), F202Q, T205K,
H206D, T210Y (V–B loop), or K241H (S1� specificity loop) (Km
in Table 1 and Fig. 5b).

DISCUSSION

MMP-12 Specificity for Substrates from Fibrils Engages
Periphery around Active Site—Structural studies searched the
S1� “specificity” pocket for features thatmight confer selectivity
among MMPs by small inhibitory compounds (41–43, 78)
(Thr-239 sits near this pocket; see Fig. 5). Yet MMP activity
upon protein substrates is a much different and more physio-
logical context for considering specificity. For example, the
V–B loop influences triple helical peptidase activity ofMMP-1,
-8, and -12 (33, 45–47). About 30 of the distinctive sequence
positions might contact 20-kDa �-elastin species (Eln-20) in

FIGURE 3. BINDSIght combines maps of binding sites and distinctive
sequence to suggest residues tuning specificity, which are enriched in
MMP-12 loops flanking sIV and hB. a and b, Venn diagrams symbolize com-
bination of NMR evidences of interfacial contacts (blue and lavender) with
distinctive sequence positions (green; see supplemental Fig. S4). Side chains
likely to influence specificity for elastin fragments or �1(V) 436 – 447 fTHP are
listed in the intersections of the sets in a and b, respectively. The candidates in
blue circles are protected by Eln-20 (a) (Fig. 2) or �1(V) 436 – 450 THP (b) (Figs.
4 and 5 of Ref. 33) from Gd(III)�EDTA. Candidates in lavender circles experience
shifts or broadening of amide NMR peaks introduced by the partner of Eln-20
(a) (Fig. 1) or �1(V) 436 – 450 THP (b) (Fig. 2 of Ref. 33). Lowercase letters refer to
effects being moderate in both assays. Residues with lighter font are buried or
conserved. c, an excerpt from ET consensus sequences (of 54 subfamilies)
listing some subfamilies close to MMP-12 in the phylogenetic tree and con-
taining the human sequence listed. Class-specific positions are marked with a
black background and an “X.” Nearly class specific positions are marked with a
gray background and an “x” (see supplemental Fig. S4). �-Strands IV and V and
helix B are marked by underlining of the MMP-12 consensus sequence. Sites
chosen for mutagenesis are marked with “‡” or “†” where BINDSIght results
forecast importance or little importance, respectively, to specificity.

FIGURE 4. The catalytic efficiency (kcat/Km) of point mutants relative to WT
MMP-12 catalytic domain at 25 °C, pH 7.5. The general metalloproteinase
substrate is the soluble form of Knight’s substrate, FS-6 (70). S230A and V243S
mutations test the ability of low BINDSIght scores to forecast inconsequential
sites.
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the case of MMP-12 (Figs. 1, 2, 3a, S5a, and S6a). NMR-de-
tected interactions (33) suggest that an overlapping subset of
the distinctive positions could also interact with �1(V) 436–
447 fTHP (Figs. 3 and S6). Among these candidates hypothe-
sized using BINDSIght to contribute to MMP-12 specificities
(Figs. 3 and S5), mutation of any of the ten tested around the
periphery of the active site diminished catalytic efficiency
toward fEln-100 and kcat toward �1(V) 436–447 fTHP, while
preserving the activity toward the small peptide substrate
(Tables 1 and 2 and Fig. 4). Thus, the ten residues encircling the
active site of MMP-12 seem to enhance its uniquely efficient
turnover of soluble �-elastin and substrates from collagen IV
and V triple helices.
The importance of these peri-active site residues to digestion

of fEln-100 �-elastin and triple helices from collagen IV and V
suggests that they may interact with these bulky substrates
directly, despite their distance from small peptide substrates
that are confined within the cleft. These large substrates appear
to cover similar surfaces around the primed subsites (at right in
Figs. 1 and 5 (a–c)). The residues covered both by Eln-20
�-elastin and triple helical �1(V) 436–450 THP map to the
N-terminal end of hB, the lower lobe of the S curve of the III–IV
loop, sIV, Thr-239 to Lys-241 of the S1� specificity loop, and
V–B loop residues scattered from Glu-199 to Thr-210 (Figs. 2,
S5, and S6, and in Fig. 4 of Ref. 33).
The impairment of peptide release from intact elastin fibrils

by the G178N, I180S, T239L, and K241H lesions (Table 2)
implies the importance of the region around the primed sub-
sites of MMP-12. The mild impairment of elastin fibril diges-
tion by the F202Q mutation suggests some involvement of the
exosite beyond the primed subsites and the possibility of some
elastin bending to reach the exosite. The results on peptide
release from elastin fibrils should represent early digestion
when the fibrils are intact and rigid in structure. Yet elastin
digestionwas observed to progress to clearance at sites of aneu-
rysm in human aorta (7). The three dozen sites of cleavage by
MMP-12 (16) may participate in the progressive damage. The
progression of the elastolysis ought to damage the non-covalent

packing of the filaments. Elastin molecules freed by digestion
might revert toward the disordered-extended conformational
equilibrium observed in tropoelastin (20). �-Elastin fractions
fEln-100 and Eln-20 could share flexibility similar to elastin
being digested. Thus the fEln-100 and Eln-20 substrates might
have value for representing later stages of elastolysis, where
peripheral and remote sites ofMMP-12 could participatemore.
Multiple Interactions with �-Elastin—Structural models in

which peptides from elastin linearly extended only across the
catalytic cleft (44) may need to be elaborated to account for
Eln-20 coverage of remote surfaces of MMP-12 (Fig. 2), espe-
cially the best documented exosite where F202Q resides and
modestly impairs hydrolysis of intact elastin fibrils (Table 2 and
Fig. 5). One unexpected potential binding site is the narrow
strip across the �-sheet from sV to sI and the II–III loop (Fig.
2c). The other is the broad bowl from hA and the B–C loop to
hC ofMMP-12 (Fig. 2e). These remote patches of hypothesized
interaction (Fig. 2) suggest the possibility of more than one
binding mode of Eln-20 and potentially complex interactions.
Binding of a second molecule of Eln-20 is possible given the
saturating 1.5-fold excess used to map-protected interfaces.
The NMR line broadening of MMP-12 with Eln-20 present is
larger than expected of a binary complex. It joins the fluores-
cence data (supplemental Fig. S1b) in suggesting that assem-
blies contain potentially more than one elastin molecule.
Could the NMR evidence of Eln-20 interactions with remote

patches (Fig. 2) be artifacts of high concentrations in vitro and
the sensitivity of NMR to weak biomolecular interactions?
Weak protein-protein encounter complexes have been pro-
posed to reload a specific, functional complex with physiologi-
cal efficiency (79). Evidence that fEln-100 may interact with
MMP-12 away from the active site at low concentrations is
the initial fluorescence quenching of 100 nM fEln-100 upon
addition of 10 nMMMP-12; in supplemental Fig. S1b, compare
black and red spectra. This suggests that MMP-12 brings fluo-
rophores of fEln-100 closer for more self-quenching, perhaps
by bridging more than one fEln-100 molecule together.
MMP-12 was observed embedded in digested elastin fibrils in

TABLE 2
Relative catalytic efficiencies of MMP-12 variants at pH 7.5
Transition-state stabilization energy, ��G‡, can be calculated from the ratio according to eq. 2. The kinetic assays were each performed at 25 °C.

MMP-12 variant Distance,
C� to Zn2‡

(kcat/Km)mut/(kcat/Km)WT RFUmut/RFUWT (kcat/Km)mut/(kcat/Km)WT

General
substrate FS-6 fEln-100 Elastin-fluorescein

peptide releasea �1(V) 436–447 fTHP DQ-collagen IV

Å % % % % %
Controls
MMP-12 100 100 100 100 100
MMP-3 15 8.4 7.5 � 1 �0.1 0.38
S230A 10.9 111 94 131 � 8 101 76
V243S 11.0 105 94 95 � 5 101 87

Tune specificity
G178N 15.1 81 63 54 � 5 75 63
I180S 10.0 106 28 49 � 14 76 69
F185Y 10.2 103 38 110 � 15 5.3 14
F202Q 18.4 104 54 73 � 9 10 38
T205K 19.9 101 38 91 � 2 24 28
H206D 20.7 94.5 44 105 � 11 15.5 32
T210Y 14.5 109 59 121 � 1 47 104
G227F 7.2 93 53 87 � 11 20 58
T239L 7.8 92 46 54.5 � 2 9.4 27
K241H 12.4 86 53 66 � 17 8.0 41

a The elastin peptide release assays were performed at 37 °C for 16 h. The uncertainties are standard deviations from triplicate measurements.
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human aorta (7) and colocalized with damaged elastin in UV-
damaged human skin (80). The embedding ofMMP-12 in dam-
aged elastin fibrils implies locally high concentrations in which
sites of MMP-12 with even weak affinity for elastin may con-
tribute to interactions in vivo. Elastin binding sites located away
from the active site could explain why MMP-12 bound to the
inhibitor protein TIMP (across the active site) remained bound
to elastin in arteries (7). Thus, some of the multiple sites of
MMP-12 interaction with Eln-20 and fEln-100 could be rele-
vant in vivo.

Multiple contact surfaces could account for the Km being 1
�M, suggestive of affinity that is at least 20-fold greater than
for any other substrate measured. (The nearest Km is 22 �M

for �1(V) 436–447 fTHP in Table 1.) Many contacts moor-
ing MMP-12 to elastin could sum energetically to provide
the favorable free energy of binding. Multiple remote con-
tacts could enhance the affinity of MMP-12 found bound to
damaged elastin fibrils in arteries (7) or UV-damaged skin
(80). Perhaps the effect upon Km for fEln-100 of each point
mutation of MMP-12 being limited to 4-fold or less (Table 1)

FIGURE 5. Sites of the lesions around the periphery of the active site cleft. The cleft is pointed out by the arrow in a. Panels a– c share near standard
orientation. d, rotated 55° about the vertical axis places the cleft at the left, showing that most of the side chains probed lie outside the cleft. Catalytic
consequences of substitutions upon activity toward fEln-100 are marked on the left panels and toward �1(V) 436 – 447 fTHP on the right panels. Sites of lesions
that compromise Kmare colored red, or kcat cyan, or both purple. Sites of deliberately inconsequential substitutions are gray.
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results from it perturbing only a few of many contacts with
elastin (Fig. 2).
Small increases in kcat of F185Y, F202Q, H206D, T210Y, and

K241H mutants of MMP-12 acting upon fEln-100 compensate
their increased Km (Table 2) to moderate the decreases of their
catalytic efficiencies to 38 to 59% of WT (Table 1 and Fig. 4).
The enhancements of kcat might result from slight alleviation of
slow product release by off-rates enhanced with the 3- to 4-fold
weakening ofKm. The 2.8- and 1.6-fold decreases in kcat toward
fEln-100 by I180S or G178N lesions, respectively, suggest the
possibility of subtle adjustments of conformation of MMP-12
(their bulge in the III–IV loop), in the Michaelis complex, or in
the positioning of MMP-12 around scissile bonds within
elastin.
A caveat to the ability of theKm effects of the eight peripheral

sequence positions (red in Fig. 5, a and c) to account for the high
elastase activity ofMMP-12 is that its advantage overMMP-3 is
not inKm, but rather 13.5-fold in kcat (Table 1). The lower kcat of
MMP-3 could be related to its greater extent of millisecond
motions surrounding the active site (72).
Triple Helical Peptidase Perturbations—Eight of the ten

lesions degrade activity toward the triple helical substrate from
collagen V more than they do toward fEln-100. The mutants’
bigger losses in activity upon �1(V) 436–447 fTHP coincide
with the much larger advantage in activity of MMP-12 over
MMP-3 of at least three orders of magnitude (Table 1). Gener-
ally, themutationsmost detrimental to turnover of�1(V) 436–
447 fTHP (Table 1) impair both kcat and Km (Table 1 and Fig.
5b). The G227F and T239L lesions simply impair kcat by at least
10-fold (Table 1). Gly-227 forms the base of the S2 subsite,
whereas the side chain of Thr-239 points away from the S1�
subsite (Fig. 5). The G227F and T239L lesions are only 7–8 Å
distant from the site of hydrolysis at the catalytic zinc (Table 2).
These nearby lesions seem to interfere more directly in hydro-
lytic turnover of the triple helix. The smaller losses in rate of
turnover of �1(V) 436–447 fTHP due to G178N or I180S
lesions (Table 1) are mitigated by their preservation of Km.
Despite the burial of Gly-178 in the interface with �1(V) 436–
450 THP (33), addition of the asparagine side chain here seems
not to affect the affinity (Table 1).
Adding the hydroxyl group to residue 185 decreases kcat/Km

by a striking 19- and 7-fold for �1(V) 436–447 fTHP and DQ-
collagen IV, respectively. Whether the phenyl ring of Phe-185
makes critical hydrophobic contacts with ligands of the struc-
tural zinc ion or with the triple helix is unclear. Judging from a
model of peptide substrate bound to MMP-12 (48), Phe-185 is
possibly near an S3 subsite. A direct interaction of Phe-185with
the triple helix could be more plausible when considering that
the F185Y substitution has little indirect effect upon activity
toward the peptide substrate (Tables 1 and 2 and Fig. 4). F202Q
and H206D diminish triple helical peptidase activity the most
among the substitutions in the V–B loop (Table 1 and Fig. 4).
F202Qdecreases kcat/Km 10-fold toward�1(V) 436–447 fTHP.
The location of Phe-202 well outside the active site cleft (Fig. 5)
supports the hypotheses that either �1(V) 436–447 fTHP
bends around this “primed” side of MMP-12 to meet Phe-202,
or that additional bindingmodes outside the catalytic cleft help
establish an orientation susceptible to cleavage (33). The pre-

cedent of peptides bridging and bending between active site and a
remote exosite is thoroughly established for thrombin (from
the blood coagulation cascade) (81). Peptide substrates bending
around other classes of proteases is also suggested by cathepsin
G (a serine protease) and cathepsinK (a cysteine protease), each
recognizing substrate positions out through P4� and P5� (82).
Similarly, P4� and even P5� and P6� positions influence peptide
hydrolysis by MMP-2 (82), whereas MMP-1 triple helical pep-
tidase activity is influenced by the P8–P13 and P12�–P17� posi-
tions (83).
Nine of the lesions decrease catalytic efficiency toward DQ-

collagen IV (Table 1 and Fig. 4). The high activity of MMP-
12(T210Y) toward DQ-collagen IV is consistent with tyrosine
occupying this position in type IV collagenases (MMP-2 and -9)
and other collagenases (Fig. 3a and supplemental Fig. S4). The
lesions’ impact on specific activities for substrates from type IV
and V collagen raises an important question: Do the corre-
sponding positions in orthodox collagenolyticMMPsmodulate
their turnover of collagen triple helices? This possibility is sug-
gested byMMP-1 and -8 relying on the V–B loop (45–47). The
exosite of Fig. 5 corresponds in the structure of MMP-2 and -9
(84) to the channel between the FnII-like inserts and the cata-
lytic domain where gelatin and type IV collagen might traverse
between FnII-like module 2 and the active site (85).
Mutations were previously accumulated in one of the loops:

T205K plusH206D and these two plus S207T andG208T of the
V–B loop (33).MMP-12(T205K/H206D) has a weakerKm of 70
�M for �1(V) 436–447 fTHP than the 30 �M Km of either
T205K or H206D alone. Nonetheless, MMP-12(T205K) and
MMP-12(H206D) each possess around half the catalytic effi-
ciency ofMMP-12(T205K/H206D) (Tables 1, 2, and S2), due to
3- to 4-fold losses in kcat. The non-additivity of T205K
H206D
upon catalytic efficiencies has free energies of interaction�Gint
(Equation 1) between T205K and H206D substitutions for pro-
teolysis of fEln-100, �1(V) 436–447 fTHP, DQ-collagen I and
DQ-collagen IV of �0.7, �1.2, �1.0, and �1.4 kcal/mol,
respectively. These are unfavorable and large compared with
the transition state stabilization energies ��G‡ of each individ-
ual mutation and substrate. This behavior is so non-additive as
to be antagonistic. Non-additivity was correlated elegantly with
the proximity of lesions within enzymes or within a protein-
protein interface, in contrast with distantly separated muta-
tions that are additive (86, 87). The unfavorable energetic cou-
pling of T205K and H206D abides by the trend of non-additive
effects of mutations clustered in structure and sequence in a
protein-protein interface (86, 87).
RemoteMutations and Enzyme Function—ViewingMMP-12

as a product of evolution of elastase activity within its catalytic
domain enables comparison with directed evolution of new
activities in enzymes.Mutations that introduced new functions
were found relatively far from key residues in catalytic sites, i.e.
generally in loops on the periphery of the active site (88–92).
The ten MMP-12 lesions tested herein are situated similarly.
Random mutagenesis of enzymes identified many residues
affecting activity that are remote from the active site, evidently
for the simple reason that there are far more residues distant
from active sites than lie within them (92). Mutations within 12
Å of the catalytic center appear more likely to enhance activity
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and selectivity upon small molecule substrates (92). However,
forMMP-12 specificity formini-protein substrates from fibrils,
eight of ten residues identified by the BINDSIght process
instead lie 10–21 Å distant from the catalytic zinc (Table 1).
The effects of lesions at these distances seem related to the
substrates’ bulk, diminished apparent affinities (Table 1), and
possible bending to reach the exosite (Fig. 5).
On BINDSIght—The strategy of identifying distinctive resi-

dues in or near confirmed binding sites provided much more
guidance to consequential residues than using only either dis-
tinctive residues from ET or interfacial residues from NMR. If
only class-specific residues (34 or more) or only NMR results
(28 or more residues; Figs. 1–3) had been considered near the
active site (from residue 178–242; Fig. 3c), testing �3-fold
more mutational variants for relevance to specificity would
have beenwarranted. The guidance by BINDSIght achieved the
efficiency that all ten of ten candidate sites selected modulate
specific activity toward fEln-100, and about eight of them
toward triple helical substrates. Low BINDSIght scores also
proved successful in suggesting deliberately inconsequential
mutations. The functional comparison of the 16 enzyme vari-
ants with five substrates benefited from streamlined determi-
nation of steady-state enzyme kinetics parameters (58).
A caveat to expecting all residues conferring specificity to

occupy binding interfaces is that some important electrostatic
interactions lie outside interfaces. The observation of only
seven or eight residues being both occluded in interfaces and
perturbed in chemical shift mapping (blue � lavender in Fig. 3)
may seem surprising. Yet such differences have precedent in
hyaluronan binding of CD44 introducing most of its chemical
shift perturbations outside the interface (73). The chemical
shift perturbations of some ligand binding events may be small
for lack of aromatic ring current effects (73) or enough affinity
or structural adjustment for larger peaks shifts.
A precursor to the BINDSIght approach successfully tar-

geted mutagenesis to a functionally important interface
between a DnaJ-like co-chaperone and mammalian Hsc70
chaperone, which had not been expected from theE. coliDnaJ–
DnaK interface (62). Consequently, the BINDSIght approach
could prove useful in elucidating the specificity of other tran-
sient protein-protein interactions. The interface mapping of
BINDSIght could be expanded to other accurate solutionmeth-
ods such as NMR cross-saturation (73), intermolecular NOE,
and hydrogen-deuterium exchange mass spectrometry.
Concluding Remarks—MMP-12 interactions with soluble

derivatives of elastin appear to be multifaceted. A multiplicity
of interactions could account for embedding of MMP-12 in
human elastin fibrils to hasten the inherently slow elastolysis in
chronic disease states of arteries (abdominal aortic aneurysm)
and lungs (chronic obstructive pulmonary disease). Confirma-
tion of eight residues as also modulating MMP-12 activity
toward mimics of collagens IV or V begs the question of how
important these sequence positions might also be in the triple
helical peptidase activity of other MMPs. The work herein
implicates five peripheral loops around the active site in the
specificity of MMP-12. The peripheral loops represent a new
frontier of distinctive features of MMPs that could be targeted
by prospective therapeutic and diagnostic agents that bind

them selectively (93) in the context of inflammatory diseases
that damage the extracellular matrix.
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