
Structure of the Catalytic Domain of Fibroblast necessary to design highly selective MMP 

Collagenase Complexed with an lnhi bitor inhibitors. Here we report the x-ray crystal 
structure of the catalvtic domain of human 
fibroblast collagenase' (residues 101 to 269) 
(1 1, 12) bound to a carboxyalkylamine- Brett Lovejoy, Anne Cleasby, Anne M . Hassell, Kelly Longley, based inhibitor (Fig. lA). 

Michael A. Luther, Debra Weigl, Gerard McGeehan, The catalytic domain of human fibro- 
Andrew B. McElroy, David Drewry, Millard H. Lambert, blast collagenase was solved at 2.4 A reso- 

Steven R. Jordan lution by multiple isomorphous replace- 
ment (MIR) (Fig. 1B) and refined to a 

Collagenase IS a zlnc-dependent endoprotelnase and IS a member of the matrix metal- crystallographic R factor of 0.186 (Table 
loprotelnase (MMP) family of enzymes. The MMPs participate In connective tissue re- 1). The structure (Fig. 2A) consists of a 
modeling events and aberrant regulation has been assoclated wlth several pathologies. twisted five-stranded P sheet and three long 
The 2.4 angstrom resolution structure of the lnhiblted enzyme revealed that, in additlon to a helices (A, B, and C) (13). Collagenase 
the catalytic zinc, there IS a second zinc ion and a calcium ion whlch play a major role In shares structural homology with the NH2- 
stablllzlng the tertiary structure of collagenase. Despite scant sequence homology, col- terminal domain of astacin (10) and, to a 
lagenase shares structural homology wlth two other endoprote~nases, bacterial thermol- lesser extent, the NH2-terminal domain of 
ysln and crayfish astacin. The detalled description of protein-inhibitor Interactions present thermolysin (14). As with astacin, the P 
in the structure will ald In the deslgn of compounds that selectively lnhiblt individual sheet contains four parallel strands (I, 11, 
members of the MMP family. Such inhibitors will be useful in examining the functlon of 111, and V) and one antiparallel strand 
MMPs In pathological processes. (IV). The collagenase active site cleft is 

bordered by P strand IV, helix B, and a 
stretch of random coil adjacent to the 
COOH-terminus of helix B. The catalytic 

T h e  MMPs are responsible for cleaving and peptide substrates but, unlike the full- zinc is at the bottom of the cleft and is 
extracellular matrix components during nor- length enzyme, cannot cleave collagen (7, ligated by HisZl8, Hisz22 , and His228, each 
ma1 connective tissue remodeling events 8). With peptide substrates, however, col- at a distance of 2.1 A (Fig. 2A). The 
such as embryonic development and wound lagenase inhibitors exhibit similar inhibito- collagenase catalytic zinc environment is 
healing. Members of the MMP family in- ry activity toward the whole enzyme as they similar to that in astacin, with the first two 
clude collagenases, stromelysins, and gelati- do on the catalytic domain alone (8). Pre- zinc ligands, His2" and His222 and 
nases (1, 2). These enzymes have broad, vious models of the MMP catalytic domain His96 in astacin), located on a central a 
overlapping substrate specificities and are .were based on the structures of the bacterial helix (helix B in both collagenase and asta- 
regulated by a wide range of factors such as endoproteinase, thermolysin, complexed cin) that extends up to GlyZ25 in 
growth factors, hormones, and the tissue with inhibitors (9). Recently the structure astacin). Here the chain turns sharply to- 
inhibitor of metalloproteinases (TIMP) fam- of astacin, an endoproteinase that is more ward the third zinc ligand, HisZz8 (His1'' in 
ily of proteins (1, 2). MMP activity has also closely related to MMPs, has been reported astacin) . The carboxylate group of the in- 
been associated with pathologies such as (1 0). Thermolysin- and astacin-based mod- hibitor provides an additional ligand to the 
arthritis and metastatic cancer (3, 4). How- els of MMPs have not provided the detail collagenase catalytic zinc with O E ~  and Os2 
ever; the exact role of specific MMPs in 
physiological and pathological processes has 
not been established. To help determine Table 1. Data collection and phasing statistics. Native crystals conslst of the catalytic domaln of 

their function, there have been efforts to collagenase cocrystalllzed with an inhibitor. They are in space group P6, wlth cell dimensions a = 

develop compoun~s that selectively inhibit b = 78 2 A and c = 87.4 A, and there are two molecules In the asymmetric unit (21). Collagenase 
was determined wlth MIR data collected on two derivatives (22). Each data set was obtalned from members of the MMP (5). one crystal wlth a Rlgaku R-AXIS imaging plate. Heavy atom parameters were reflned and phases 

The MMPs have an NH2-terminal calculated wlth PHASES (23), the mean flgure of merlt was 0.50 (30 to 2.5 A) lnltial MIR phases 
propeptide (-80 residues) that contains a were solvent flattened, resulting in an lmproved electron density map (mean flgure of merit 0.87, 30 
free cysteine thought to maintain enzyme to 2 5 A) into whlch molecule A (resldues 106 to 268) and molecule B (residues 106 to 152 and 158 

latency by ligating to the catalytic zinc. to 265) were traced The electron denslty maps contalned three peaks assoclated wlth each 

The propeptide is cleaved to form the ma- polypeptide Two were ldentlfled as zinc Ions (IOU and 74 ,  and one was identlfled as a calcium Ion 
(60) Several cycles of simulated annealing (24), manual model rebuilding, and atomic temperature ture, active enzyme The active factor refinement resulted In a final model that includes 65 water molecules, molecule A (resldues 

enzyme contains a zinc- and calcium-bind- 101 to 268), and molecule B (resldues 105 to 152 and 158 to 265) The final model has an R factor 
ing catalytic domain (-180 residues) and a of 18.6% for all //u(/) r 1 0 data (10,399 unique reflections) from 7 to 2 4 A resolution Root-mean- 
COOH-terminal domain (-200 residues) square (rms) dev~at~ons from ideal bonds and angles were 0 012 A and 2 2", respectively. The rms 

that may be involved in matrix binding (6)  devlatlon between the Ca carbons of molecules A and B (1 57 positions) is 0.38 A No resldue +,+ 
and alignment of catalytic domain at angles Ile outslde allowed regions of the Ramachandran plot 

the site of enzymatic cleavage (7). The 
catalytic domains of MMPs share the high- Reso- Unlque 

Data set lutlon reflec- Rmerge 
Rscalet Number Phaslng $6 

est sequence homology. Recombinant col- (A) tlons (%) (%) of sltes power* 
laeenase constructs containine onlv the cat- - - ,  
alytic domain can cleave casein, gelatin, Native 

Iodine 
lodine.Pb(CH,COO), 2.5 8,782 8.2 24.8 511 1.88 0.44 

B. Lovejoy, A. M. Hassell, K. Longley, M. A. Luther, D. 
Weigl, G. McGeehan, A. B. McElroy, D. Drewry, M. H. *R,,,,, = Z i J  <I,> - I,J/Z,I, and <I,> is the average of I, over all symmetry equivalents, t%,,,, = PJF,, - 
Lambert, S. R. Jordan, Glaxo Research Institute, Re- FpIIZFp, where Fp, and Fp are the derivative and native structure factors, respectively. $Phasing power IS the 
search Triangle Park, NC 27709. mean value of the heavy atom structure factor amplitude divided by the residual lack of closure error. 5R,,,,,, 
A. Cleasby, Glaxo Group Research, Greenford, Mid- = ZIF,, - Fp - f ,JiBJFp, - FpI for centric reflections, where f ,  is a calculated heavy atom structure 
dlesex UB 06 HE, United Kingdom. factor. I/There are two iodine sites and three lead sites. 
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at distances of 2.0 and 2.6 A, respectively. 
The inhibitor is tightly bound within the 

collagenase active site cleft with an inhibition 
constant of 135 nM (15). The complex ap- 
pears to be stabilized by the ligation of the 
inhibitor carboxylate group to the catalytic 
zinc, as well as through hydrogen bonds and 
hydrophobic interactions. Catalytic zinc liga- 
tion by an inhibitor carboxylate group has also 
been observed in thermolysin-inhibitor com- 
plexes. Superposition of one such complex, 
described by Monzingo and Matthews (16), 
onto the collagenase-inhibitor complex re- 
veals that the carboxylate groups ligate the 
catalytic zinc in a similar manner (Fig. 3A). 
The collagenase inhibitor forms eight hydro- 
gen bonds with the enzyme (1 7) (Fig. 3B). 
Several of these bonds are analogous to bonds 
found in the themolysin-inhibitor complex of 
Monzingo and Matthews (16). Both Glu219 
0 ~ 1  and the correspondmg thermolysin resi- 
due, G ~ u ' ~ ~ ,  interact with the PI' backbone 
nitrogen atom of their respective mhibitors. 
In both complexes, the P1' nitrogen mimics 
the nitrogen of the scissile bond, and in 
thermolysin, Glul" is postulated to donate a 
proton to that nitrogen (9). In some thermol- 
ysin-inhibitor complexes, Asn112 also forms a 
hydrogen bond with the P1' nitrogen (9, 16). 
In collagenase, the corresponding AsnlsO 
makes a hydrogen bond with the P1 nitrogen 
and carbony1 oxygen instead. Hydrophobic 
interactions found in the collagenase-inhibi- 
tor complex are comparable with those found 
in thermolysin-inhibitor complexes as well. 
For example, the P1' leucine side chain of the 
collagenase inhibitor and the corresponding 
PI' leucine side chain of several thermolysin 
inhibitors (9, 16) are directed into analogous 
hydrophobic pockets (Fig. 3A). 

Structural studies of thermolysin-inhibitor 
complexes suggest that Tyr157 and HisZ31 sta- 
bilize the negative charge that forms in the 
transition state of the thermolysin reaction 
mechanism (9, 16). There are no residues 
comparable with T ~ T ~ ~ ~  or Hisz3' in the col- 
lagenase catalytic domain. It is possible that 
hydrogen-bond donors come from water mol- 
ecules or the COOH-terminal domain. How- 
ever, naturally occurring MMPs that have no 
COOH-terminal domain exist 11 8. 19). The 

- 7 ,  

collagenase catalytic zinc has a higher net 
positive charge than the thermolysin catalytic 
zinc 'because it is ligated by three neutral 
histiclines, whereas one of the ligands in ther- 
molysin is a negatively charged carboxylate 
(Fig. 3A). As a result, the collagenase cata- 
lytic zinc may play a larger role in stabilizing 
the negative charge in the transition state and 
reduce the need for transition state hydrogen 
bond donors. The histidines that ligate the 
collagenase catalytic zinc are conserved in all 
MMPs (1, 2, 18). 

In addition to the catalytic zinc, a second 
zinc ion has been identified by its relative 
intensity in electron density maps (Table 1) 

Fig. 1. (A) Structure of the collagenase inhibi- 
tor. The central carboxylate group binds the 
active site zinc. PI' is leucine, P2' is phenylal- 
anine, P3' is a morpholino group, and PI is a 
benzyloxycarbonylamino group. (6) A stereo 
view of the MIR electron density map (con- 
toured at la) at 2.5 A resolution showing the 
enzyme-inhibitor complex. The active site zinc 
is displayed as a red surface. 

tlg. r. tn) n starw M I xi I I ~ W ~ I  UI t r~e  
collagenase-inhibitor corn :. The inhibitor is 
displayed with yellow carbon atoms, red oxy- 
gen atoms, and navy blue nitrogen atoms. The 
catalytic zinc (lower left), secondary zinc (up- 
per left), and calcium (right) ions are also 
shown. The f3 strands are labeled in white. 
helix A is red, helix B is green, and helix C is 
orange. The residues His21s, His222, and 
His228 ligate the catalytic zinc. (B) A ribbon 
diagram shows how the second zinc ion (left) 
and the calcium ion (right) fasten the extend- 
ed loop between p strands Ill and IV onto the 
f3 sheet. Atoms that ligate the zinc or calcium 
ions are shown as spheres. The p strands Ill 
and IV and the extended loop contain a red 
strand. Zinc ions are displayed as pink 
spheres and the calcium ion is displayed as a 
green sphere in both panels. 

and the nature of its ligands. The second zinc tetrahedral manner. The presence of a second 
ion is coordinated by His16' N E ~  (2.0 A), zinc ion in collagenase is consistent with 
Asp170 082 (2.2 A) HislE3 N E ~  (2.2 A), and biochemical studies of stromelysin-1 that have 
His1" N81 (2.0 A) in an approximately identified two zincs bound to the catalytic 
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Fig. 3. (A) A stereo view of the binding mode of the cdlagenase inhibitor compared with that of a 
thermolysin inhibim (16,25). Oxygen and nitrogen a m  are red and navy blue, respectively. Cabm 
atoms are yelkw in the cdlagenase-inhibitor complex and green in the therrnolysiminhibitor complex. 
Atoms in the i n h i b i  are represented by d i d  spheres. (B) A stereo view of the cdlagenase i nh ib i  
(yelkw) bound within the active site cleft. A light blue ribbon traces the Ca positions of neighbring 
cdlagenase residues including helm B (green). The catalytic zinc (lawer left), second zinc (upper left), 
and calciun (right) ions are also shown. Cdlagenase residues are green except for atoms that form 
hydrogen bonds with the inhibitor. Such atoms are drawn as navy blue (nitrogen) or red (oxygen) 
spheres. The eight enzyme-inhibi hydrogen bonds (17) are represented by red lines. In addition to 
forming a hydrogen bond with the inhibitor, Hista3 is ligated to the second zinc ion (upper left). The 
cdhgenase active site d& is mapped with a blue Connolly surface (with a rolling sphere of 1.4 A radius) 
in both panels. 

domain (20). Sequence alignment (1, 18) of 
the catalytic domains of the MMPs shows that 
these four ligands are completely conserved 
within the enzyme family, suggesting that the 
presence of two zinc ions is a common struc- 
tural feature of MMP catalyac domains. 

The calcium ion present in the complex is 
ligated in an oct;lhedral manner by Asp175 
081 (2.2 A), AsplgB 082 (1.9 A), G1u2O1 
0132 (1.8 A), and the main chain carbonyl 

of ~ 1 ~ 1 7 ~  (2.2 A), ~ 1 ~ ~ 7 ~  (2.5 A), 
and Asn180 (2.2 A). The conaibution of four 
of the calcium I& from the sequence 
AspGly-Pro-Gly-Gly-Asn- (residues 175 to 
181) tightly orders this sequence. By binding 
both the p sheet and the large, hqhly exposed 
 loo^ (residues 165 to 181) between strands 111 

the tertiary structure of collagenase (12). 
These data suggest that the interaction of the 
exposed loop with the second zinc ion and the 
calcium ion is essential for maintaining the 
structural integrity of collagenase. 

The role of MMPs in a wide array of 
physiologrcal and pathologd pmceses is 
complex and largely undeM.  The structure 
of collagenax complexed to an inhibitor will 
facilitate the detailed modeling of other 
MMPs. These models will aid in the structure- 
based design of compounds that selectively 
inhibit individual members of the MMP fam- 
ily. Such inhibitors will be useful for exarnin- 
ing the function of MMPs and inay have 
therapeutic value. 
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