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The two-layered ONIOM(B3LYP:MNDO) method has been used to investigate the hydrolytical mechanism of matrix
metalloproteinases (MMPs), a large family of zinc-dependent endopeptidases capable of degrading a wide range
of macromolecules of the extracellular matrix. Human stromelysin-1 (MMP-3) was chosen as a physiologically
important member of the MMP family. As a structural reference, X-ray data on the stromelysin-1 catalytic domain
(SCD) complexed to the transition state analogue dipheny! piperidine sulfonamide inhibitor was used. The backbone
spacer of 11 residues (201-211) was included in the final model, spanning the catalytic Glu202 residue and the
three structural His201,205,211 zinc ligands. The polypeptide framework incorporated, partly accounting for the
protein rigidity, reduces the activation free energy slightly by 1.6 kcal/mol. Essentially a single-step catalytic mechanism
was obtained, generally following a classical proposal for MMPs. Glu202 here acts as a base, abstracting a proton
from the metal-bound reactant water and delivering this proton to the peptide nitrogen. An auxiliary water molecule
is suggested to be of crucial importance acting as an electrophilic agent to the carbonyl oxygen of the substrate.
The direct inclusion of the auxiliary water molecule decreases the activation free energy by about 5 kcal/mol via
donation of a strong hydrogen bond. The calculated activation barrier of 13.1 kcal/mol agrees well with experimental
rates.

I. Introduction the past decade has led pharmaceutical companies such as

. . . Roche, Glycomed, and British Biotech to clinical imple-
Matrix metalloproteinases (MMPs, or matrixins) along . antations

with astacins, adamalysins, and serralysins form a large
metzincing superfamily of ZA™-dependent proteases, sharing 3

a common metal-binding HExxHxxGxxH amino acid con- discovery todaybecause of its broad physiological specific-
sensus motif at the active site. Endopeptidases with this zinc. =Ty oad pny 9 pe
ity. This extracellular endopeptidase of vertebrate tissues

binding signature are involved in a wide range of biologically dearades various proteoalvean components of the extracel-
relevant events of tissue degrading and remodeling. Depend- 9 P gy P

ing on their substrate specificity, they may participate in lular matrix as well as fibronectin and laminfirstromelysin

growth, embryonic development, and wound healing. Dis- alsol plays ?_unlqge {_ole afmct)rr:g t&iAEAMPS beﬁ;ﬁ of its
ruption of MMP regulation in cells results in pathological Involvement in activation ot other proenzy N

conditions and leads to degenerative diseases, such a 9 kDa strome!ysin ca.taIyFic d.omain (SCD) allon.e Is able to
arthritis, tumor growth, and metastasis. Modulation of the ydrolyze peptides, with kinetic parameters similar to those

' o g : .
proteolytic activity of the MMPs is currently an attractive Otf g.‘ft furll length dpro;eclrlfj. r;r hﬁl sma}ll t?llzef’ pl;)rllty,han_d |
trend in structure-based drug design. Indeed, extensive> aoiity have made Ighly surtable Tor biophysica

research in the field of synthetic MMP inhibitéfsduring

Human stromelysin-1 (MMP-3, classification number EC
4.24.17) is one of the most attractive targets in drug
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general base role to the Glu202 equivalent in MMPs. The
water molecule, coordinated to the metal in the reactant
complex, is being extremely polarized between the glutamate
base and zinc Lewis acid in the Glitd,O—Zn bridge, Figure

2. A pK, value of 5.6 was attributed to this bridging
complex!® Upon substrate delivery, the water oxygen
performs a nucleophilic attack on the peptide carbon.
Concertedly, the glutamate abstracts the proton from the
water and shulttles it toward the nitrogen of the scissile amide.
The tetrahedrafjemdiolate intermediate is formed, biden-
tately coordinated to the metal. According to the classic
proposals for zinc endopeptidaséshe final breakdown of
the C-N bond occurs only after the second proton transfer
from the water oxygen, mediated again by the conserved
glutamate. However, it was recently shddfor thermolysin

that the immediate amine product can be released already
in its neutral form, omitting the second proton transfer by
Glu202. The second proton should be accepted by Glu202,
however. The protonated form fitting the standard pH near
7.0 can be rapidly formed via contact with solution.

An interesting aspect of the catalysis by MMPs is an
apparently simplified arrangement of the active site, as
compared to the related endopeptidase families. Unlike the
astacins and serralysins, no zinc-coordinated tyrosine is
present in the MMPs. On the other hand, the zinc structural

Figure 1. Stromelysin-1 active site structure, generated from X-ray'data  ligands are homogeneous (all three are histidines), as
of the catalytic domain, inhibited with the dipheny! piperidine sulfonamide. compared to TLPs (two histidines and one glutamate), and
The topology of the active site is clarified in the described pattern. substituents for His231 or Tyr157 of thermolysin are absent.

studies. Therefore, analysis of the three-dimensional structurelt has been pointed outhat histidine instead of glutamate

of the enzyme has been devoted main|y to SQihibitor as a third ||gand to the CatalytiC zinc results in a more pOSitive
Comp|exes_ Both X-ray Crysta”ography and NMR Spectros- net Charge of the metal center, aIIOWing enOUgh stabilization
copy datd 2 are available. to the negatively chargedemdiolate intermediate even

The X-ray structures reveal the smallest Zn binding site Without His231 or Tyr157 analogues. However, a careful
known, with the three histidines of the HExxHxxGxxH “short €xamination of the X-ray structures of the inhibited matrixins
spacer” cluster chelating the metal cation, Figure 1. Two of (as adamalysin %) displays a crystal water molecule at
them, His201 and His205, project from the catalytic helix, the location equivalent to His231. Only a few studié$
while a sharp turn of the backbone at the conserved glycine, stress the importance of this auxiliary water molecule which
Gly208, allows the third one (His211) to coordinate to the could act as a potent electrophilic agent in the reaction
metal. The conserved glutamate, Glu202, is presumed to playmechanism of MMPs; see Figure 2.
an essential role in catalysis, supported by mutagenesis The most essential part of the mechanism of the MMPs
results!3 Similarly to the classic proposal for the thermolysin- has been investigated in the present study, starting with the
like proteases (TLPSY; 18 the mechanistic studies assign a formation of the Michaelis complex and ending before the

(7) Marcy, A. I.; Eiberger, L. L.; Harrison, R.; Chan, H. K.; Hutchinson, (16) Hangauer, D. G.; Monzingo, A. F.; Matthews, B. Biochemistry

N. I.; Hagmann, W. K.; Cameron, P. M.; Boulton, D. A.; Hermes, J. 1984 23, 5730-5741.
D. Biochemistry1991, 30, 6476-6483. (17) Holden, H. M.; Tronrud, D. E.; Monzingo, A. F.; Weaver, L. H.;

(8) Ye, Q.-Z.; Johnson, L. L.; Hupe, D. J.; Baragi, Biochemistry1992 Matthews, B. W.Biochemistry1987, 26, 8542-8553.

31, 11231-11235. (18) Matthews, B. WAcc. Chem. Red.988 21, 333-340.

(9) Gooley, P.R.; O'Connell, J. F.; Marcy, A. |; Cuca, G. C.; Salowe, S. (19) Johnson, L. L.; Pavlovsky, A. G.; Johnson, A. R.; Janowicz, J. A.;
P.; Bush, B. L.; Hermes, J. D.; Esser, C. K.; Hagmann, W. K; Man, C.-F.; Ortwine, D. F.; Purchase, C. F.; White, A. D.; Hupe, D.
Springer, J. P.; Johnson, B. Nat. Struct. Biol.1994 1, 111-118. J.J. Biol. Chem200Q 275 11026-11033.

(10) Becker, J. W.; Marcy, A. I.; Rokosz, L. L.; Axel, M. G.; Burbaum, J.  (20) Pelmenschikov, V.; Blomberg, M. R. A.; Siegbahn P. E.JMBiol.
J.; Fitzgerald, P. M. D.; Cameron, P. M.; Esser, C. K.; Hagmann, W. Inorg. Chem.2002 7, 284—298.
K.; Hermes, J. D.; Springer, J. Protein Sci.1995 4, 1966-1976. (21) Cirilli, M.; Gallina, C.; Gavuzzo, E.; Giordano, C.; Gomis{RuF.-
(11) Dhanaraj, V.; Ye, Q.-Z.; Johnson, L. L.; Hupe, D. J.; Ortwine, D. F; X.; Gorini, B.; Kress, L. F.; Mazza, F.; Paradisi, M. P.; Pochetti, G.;
Dunbar, J. B.; Rubin, R. J.; Pavlovsky, A.; Humblet, C.; Blundell, T. Politi, V. FEBS Lett.1997 418 319-322.
L. Structure1996 4, 375-386. (22) D'Alessio, S.; Gallina, C.; Gavuzzo, E.; Giordano, C.; Gorini, B.;
(12) Pavlovsky, A.; Ye, Q.-Z.; Ortwine, D. F.; Humblet, C.; Purchase, C.; Mazza, F.; Paradisi, M. P.; Panini, G.; Pochetti, G.; SellaBidorg.
White, A.; Roth, B.; Johnson, L.; Hupe, D.; Williams, M.; Dhanaraj, Med. Chem1999 7, 389-394.
V.; Blundell, T. Protein Sci.1999 8, 1455-1462. (23) Borkakoti, N.; Winkler, F. W.; Williams, D. H.; D'Arcy, A.;
(13) Arza, B.; De Maeyer, M.; Felez, J.; Collen, D.; Lijnen, H.Rur. J. Broadhurst, M. J.; Brown, P. A.; Johnson, W. H.; Murray, ENat.
Biochem.2001, 268 826-831. Struct. Biol.1994 1, 106-110.
(14) Kester, W. R.; Matthews, B. MBiochemistryl977, 16, 2506-2516. (24) Browner, M. F.; Smith, W. W.; Castelhano, A. Biochemistryl995
(15) Holmes, M. A.; Matthews, B. WBiochemistry1981, 20, 6912-6920. 34, 6602-6610.
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Figure 2. Catalytic cycle for the proteolytical mechanism of stromelysin-1.

actual release of the products from the active site region. system remain the same throughout the calculations. Only carbon
Detailed information on the local minima and transition state carbon single covalent bonds were cut (and automatically saturated
geometries is given, as well as the corresponding free energyWith hydrogen link atoms) during the generation of the model
profile. The importance of the auxiliary water molecule for subsystem to avoid possible chemical artifacts. The model part was

the mechanism is demonstrated. Finally, the influence o
including the HExxHxxGxxH backbone motif, coordinating

the amino acids of the model, is discussed. The recently
developed ONIOM method has been applied at this stage,

f selected such that bond formations and cleavages occur relatively

far from the boundary region, see description later in the text and
figures. Using the terms of the ONIOM concept, the two-layered
ONIOM extrapolated energy is defined?as

allowing high accuracy theoretical results to be obtained for E(ONIOM2) = E(high, model}+ E(low, real)— E(low, model)=

this large-scale quantum chemical molecular system.

II. Computational Details

The two-layered hybrid ONIOK¥27 method as implemented
in the GAUSSIAN-98 program packatfavas used in the present
study. The inner model and the total real parts for the ONIOM

(25) Svensson, M.; Humbel, S.; Froese, R. D. J.; Matsubara, T.; Sieber
S.; Morokuma, K. JJ. Phys. Chem1996 100, 19357.
(26) Humbel, S.; Sieber, S.; Morokuma, K.J.Chem. Phys1996 105
1959.
(27) Froese, R. D. J.; Morokuma, K. Hybrid Method. Emcyclopedia of
Computational ChemistnBchleyer, P. v. R., Ed.; Wiley: New York,
1998.
Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q,;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A.Gaussian 98 revision A.9; Gaussian, Inc.:
Pittsburgh, PA, 1998.

(28)

E(high, model+ AE(low, real—— model)

Therefore, E(high, model) should be regarded as an energy
contribution from the inner model part treated within a high
level method, andAE(low, real — model) should be regarded
as a low level energy perturbation from the rest of the real
system. Both contributions are discussed further later, showing
AE(low, real~— model) to be insignificantly small for the activation
"energy (less than 1 kcal/mol), which is the key parameter of the
mechanism. For the overall potential energy surface, the relative
AE(low, real~— model) contribution has its absolute maximum of
4.7 kcal/mol.

The B3LYP hybrid density functional meth#ds32 was used for
all the present high level calculations. For the geometry optimiza-
tion, the LANL2DZ basis set was used. For the zinc atom, this
means the Los Alamos nonrelativistic ECP by Hay and \Wadt.
The valence shell, including the 3d orbitals, is described by a basis
set of essentially doublé-quality including a diffuse 3d function.
For the rest of the atoms, LANL2DZ implies the Dunning

(29) Becke, A. D.Phys. Re. 1988 A38 3098.

(30) Becke, A. D.J. Chem. Phys1993 98, 1372.

(31) Becke, A. D.J. Chem. Phys1993 98, 5648.

(32) Lee, C.; Yang, W.; Paar, R. ®hys. Re. 1988 B37, 785.
(33) Hay, P. J.; Wadt, W. Rl. Chem. Phys1988 82, 299.
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Huzinaga full double: basis se#* Within the low level of theory, Ho
the semiempirical MND& Hamiltonian was used for all the Gluzo/zﬁo"""“ﬂ'ﬁ"'
calculations, on the basis of the NDBfGapproximation. For the °

optimized stationary points along the reaction pathway, accurate /

\'H—O—(li—W‘

1 lo
00
@) o
His" 1 “His i

energy evaluations were carried out using an extended 6-G11 '
201 His 211
205

(1d,1p) triple€ basis set for the high level, which includes a set of

polarization functions on each atom. Y 1

The geometry optimization of the ONIOM model was followed DR Glu202 [o 0 “HTNTY
by a Hessian calculation using the same assignment of the high G'“@: i | O
(H) and the low (L) levels of the theory, verifying that it contains A 177
only one negative eigenvalue, with vibrational vectors leading to ( .’o"\H_O @’0'*~» H—o0
the desired neighboring minima. Zero-point thermal-corrected ;J?SHis “”gﬁ r'« 23?“‘““% ""gﬁ h
vibrational effects and entropy contributi§hso the energy were 205 205
obtained at 298.15 K, on the basis of the computed Hessians. The TS1
zero-point corrections are within 2.7 kcal/mol for the different
stationary points. The entropy effects gave a substantial relative
contribution of—5.9 kcal/mol for the very last minimum, which is H
discussed in the following section. The self-consistent isodensity Glugoz =0 H—N—
polarized continuum model (SCI-PCHM}°was used to estimate  ¢,;0, 50 . /E o4 g
the effects of the protein environment, when mentioned. The cavity o # T ~ "‘*o—ec’rr
containing the molecular system of interest is defined self- oy -0 ,‘é._\
consistently by the surface with the default isodensity value of we Uoe s s
0.0004/B3, which has been shown to yield volumes close to the 201 His 211 201 His 211
measured molar ones. The dielectric constant was chosen equal to El

4, as commonly used for proteifsThe effects of the dielectric
environment were found to be within 2 kcal/mol.

For the purely B3LYP hybrid density functional calculations
performed in this study, the level of theory was the same as for the Product Release &
high level of the ONIOM model. The results of the different models Water Molecule Uptake
should thus be comparable. Figure 3. Reaction pathway investigated for the peptide bond cleavage
. . by MMPs. Strong hydrogen bonds and bond rearrangements in transition
lll. Results and Discussion states are given by dashed lines. Charges given are the formal ones.

_The experimentally Sque_Sted mechan'sm’ as shown inrapie 1. Model Systems Used for the Substrate and Active Site Amino
Figure 2, has been followed in general in the present study. Acid Residues

Originating from the crystallographic studies by Matthews  5qe1  size, auxiliary
et al}* 8 for the hydrolysis by thermolysin, it has later been  system atoms H,0 substrate  Glu202 His201,205,211

generalized?*to the entire MMP class. Recently, a detailed A 56 no  N-methyl- butyrate  imidazole
reaction pathway for the catalysis by thermoly&iwas acetamide o
obtained at the B3LYP level of theory. Because it agreed © 9 yes Nmetyh W Pubrale  imidazole

well with experimental data, it has been used here as ag-oniOoM 502 yes  N-methyl-  formate imidazole
starting point; see the scheme in Figure 3. acetamide

Three models of the active site are discussed in this section aThe model part of the ONIOM system is implied here; see the
in sequence of increased complexity, as briefly described in Computational Details section. For the real ONIOM system, the total number
Table 1. At the B3LYP level, the zinc-coordinated structural ©°f 80ms is 132.
histidines are represented by imidazoles, while the conservedresidue, which is artificially loose in the A and B models;
catalytic glutamate Glu202 is modeled by a carboxylate, see Figure 4. An alternative solution would be to lock the
retaining a varying number of carbon atoms of the side chain. heavy edge atoms of the side chains in their original positions
The extended butyrate model for the glutamate in the A and in the X-ray structure to approximately model the rigid
B cases incorporates the entire side chain of the residue plusprotein. However, in contrast to our recent work on ther-
the o-carbon of the backbone. This was done to constrain molysin, no artificial edge fixation has been applied here,
the possible extra mobility of the second shell Glu202 because only small differences between the released and
fixed edge approximations were obtained in the previous
study. Instead, the backbone of the consensus HExx-

(34) Dunning, J.; Hay, P. J. IModern Theoretical Chemistryschaefer,
H. F., lll, Ed.; Plenum: New York, 1976; Vol. 3, p 1.

(35) Dewar, M. J. S.; Thiel, WJ. Am. Chem. Sod.977, 99, 4899. HxxGxxH sequence has been included explicitly in the

(36) Pople, J. A.; Santry, D. B. Chem. Physl965 43, S129. _ i i

(37) McQuarrie, D. AStatistical Thermodynamigbiarper and Row: New B-ONIOM System’ cov._':llently h0|dmg one .Catalytlc and thr.ee
York, 1973. structural residues. This allows a contraction of the chemical

(38) gVibelrggé K.ﬁ.?; Eggllen, P.R.; Rush, D. J.; Keith, T.JAAm. Chem. model for Glu202, with formate as the simplest one which

(39) V\(,’igérg 5K B..'Keith, T. A.: Frisch, M. J.: Murcko, M. Phys. Chem. should still be accurate enoudftiThis considerably decreases
1995 99, 9072.

(40) Siegbahn, P. E. M.; Blomberg, M. R. 8hem. Re. 200Q 100, 421~ (41) Blomberg, M. R. A.; Siegbahn, P. E. M. Phys. Chem2001, 105
437. 9375-9386.
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Figure 4. Optimizedgemdiolate intermediate INT structures for the A Figure 5. Potential energy surfaces obtained for the A, B, and B-ONIOM
and B models. model systems at the Lanl2DZ level (dashed, plain, and bold lines,

. . _ tively).
the computational effort, because the rest of the side chains - Poe )

can be left out from the high level model and treated by intermediate in thermolysin. In that case the second ligand
MNDO, as well as the backbone fragment. The “X” residues sphere histidine His231 effectively stabilizes the “oxyanion
were replaced by hydrogen atoms (glycines) in the B- hole”® reducing the activation barrier by about 10 kcal/
ONIOM model. Finally, the peptide substrate was modeled mol2° Also for MMPs, the energetics given in Figure 5
by N-methylacetamide in all the A, B, and B-ONIOM suggest that some electrophilic agent is still missing at the
models; see figures for detailed structures. level of the A model, since the TS1 rate-limiting step is as

The starting coordinates for the optimization procedure high as 22.8 kcal/mol, which means a kinetically too slow
were extracted from the 1CA®PDB file containing the mechanism. The large basis correction reduces this value by
SCD complexed to the diphenyl piperidine sulfonamide only 1.1 kcal/mol. The entropy contribution and zero-point
transition state analogue inhibitor. The active site inhibited vibrational effects are of the same scale, increasing the barrier
with a transition state analogue should be the best structuralby 1.2 kcal/mol. Surprisingly, the dielectric effects (obtained
match to the midpoint of the reaction path, which is the INT for the A model) actually increase the barrier height by 1.7
structure in Figure 3. The metal-bound inhibitor part was kcal/mol.
therefore eliminated and substituted with themdiolate b. Direct Inclusion of an Assisting Water Molecule.
tetrahedral intermediate, formed from the reactants. The Only a few studie¥?*stress the importance of the additional
initial conformation of the tetrahedral intermediate was taken water molecule for the hydrolytic mechanism of MMPs; see
from the INT-like structure obtained in the recent study for Figure 2 or 3. However, a water molecule, or even two of
thermolysin. Geometry optimization of the resulting system them, are the only available hydrogen bond donors in the
led directly to the INT minimum. A continuous scan forward immediate vicinity to the carbonyl oxygen, which has a quite
and backward along the reaction coordinate led to the restnegative charge at the transition state. The Mulliken popula-
of the extrema on the potential energy surface. tion analysis for the A model predicts a charge-€0.6%

a. Preliminary Reaction Model. At the first stage of our ~ on the carbonyl oxygen in the TS1 transition state. The
study, the simplest A model was investigated at the B3LYP/ auxiliary water molecule has been directly included in the
Lanl2DZ level. Thegemdiolate intermediate INT structure B model. An internuclear separation of 2.57 A between the
was obtained as described previously; see Figure 4. Theoxygens of the substrate and the water molecule in the
shape of the potential energy profile for the MMP hydrolysis optimizedgemdiolate INT intermediate (Figure 4) indicates
was found to be qualitatively very similar to the catalytic a quite strong interaction in this hydrogen bond. The charge
pathway for thermolysin, with the three equilibrium structures of the substrate oxygen decreases-0.8%, which is the
and the two connecting transition states as shown in Figuremaximum negative atomic charge obtained along the reaction
3. No solvent water was included in the A model, to estimate pathway. A resulting stabilization of about 5 kcal/mol by
the strength of the Zn cation alone as an electrophile in the adding the water molecule is obtained at the transition state
ligand field of the three histidines. Having two histidines (4.8 kcal/mol for TS1 and 5.5 kcal/mol for INT), as can be
and one glutamate as zinc ligands was shown to be insuf-seen from the profiles for the A and B systems in Figure 5.
ficient for the metal center to stabilize the negatively charged Transformed to rate constants according to transition state

Inorganic Chemistry, Vol. 41, No. 22, 2002 5663
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theory, this value gives a factor of 3000 in substrate
conversion efficiency (number of peptides degraded per unit
of time) between the A and B models. An effect of adding
an organic cosolvent on the kinetic parameters of two MMPs,
namely gelatinase A and stromelysin-1, confirifiethe
importance of theveakly boundvater for the MMP activity.

The interpretation of the experiments is that the weakly
bound water molecules are essential for mediating the
interaction between the substrate and the enzyme. The present
study provides additional support for this effect.

c. Large-Scale ONIOM(B3LYP:MNDO) Model. Ac-
curate Results and Role of the BackboneThe Zr? * ion
is the second most abundant in nature following iron. With
its fully occupied 3d shell, it is one of the easiest metals to
handle by quantum chemical methods because there are no
ligand field effects, and the binding conformation is therefore
dictated solely by ligand features. This explains the avail-
ability of relatively reliable semiempirical parameters for Zn.
The MNDO method augmented with the Zn paraméters
makes it possible to apply the two-layered ONIOM(B3LYP: Figure 6. Optimized enzymesubstrate ES structure. Boundaries of the
MNDO) method for the extended B-ONIOM model of the Model part are shown as broken bonds.
stromelysin catalytic domain. It can be added that because
the zinc complex, with all its ligands, is included in the high
accuracy part of the model treated by the B3LYP method,
the results should furthermore be very insensitive to the zinc
parameters. The backbone connecting the three structural
histidines His201,205,211 and the catalytic glutamate Glu202
was included in the ONIOM model as described in the first
paragraph of this section. It is worth noting that stromelysin
is an unusually simple example for backbone incorporation,
because only 11 links of the polypeptide chain need to be
included. For thermolysin, which belongs to the HExxH-
(>20)H “long spacer” zinc proteases, it would be necessary
to include 90 links. That would considerably slow the
computations, particularly for the Hessian evaluation.

Optimized geometries for the B-ONIOM model are given
in Figures 6-10, corresponding to the reaction sequence in
Figure 3. The energy profile is similar to the one obtained
for the B model; see Figure 5. The rate-limiting TS1 barrier
becomes only 1.6 kcal/mol lower, with a value of 16.4 kcal/
mol at the B3LYP/LanI2DZ level of theory. The maximum
deviation of 2.3 kcal/mol between the B and B-ONIOM Figure 7. Optimized transition state TS1 structure for the nucleophilic
profiles is reached for the final PROD products. The attack by water. Boundaries of the model part are shown as broken bonds.
interpretation of this result is that the MMP catalysis is not — I .
dependent on the specific strainedtatic¢*4 state of the water molecule, which is treated inside the high level model

enzyme in the active site region. This conclusion was drawn part, again confirms its stabilizing function. The close_st
also for thermolysin, where the approximation with fixed approach of the water molecule to the substrate was obtained

edge atoms was made; see comments at the beginning O?xaptly at the rate-llm'mng TS1 step. -
this section. The structures in Figures B) suggest that the Slngle'pomt palculatlons were performed for' the optimized
conformation of the backbone is quite stable during catalysis, g_ec;]n;etn?s us(;ng th_i Ia(ljrge 6'3,[1.1%?’?) ?ﬁ s?_ssittfor thf
because the polypeptide bends insignificantly during the Igh level, as described In section 11. or the ransition

; - tate, only a small correction 6f0.5 kcal/mol was obtained.
substrate cleavage. Inspecting the position of the solvent> 2 < : . .
9 P 9 P The largest effect was found for the INT intermediate, which

becomes considerably higher in energy by 6.3 kcal/mol.

(42) Willenbrock, F.; Knight, C. G.; Murphy, G.; Phillips, I. R.; Brockle-

hurst, K. BiochemistryL995 34, 12012-12018. Similar to what was found for thermolysin, the most accurate
gﬁg ge\ll(\;ar, I\//_I\. JVS"; Meéz,LPE/.I l\t/l<3|r|91anorneBtalllics1_-953|655, t149g | values place the energy of the TS2 transition state for the
aldes, A.; Vallee, b. etal lons In blological systemsiegel, . .-
H., Ed.; Marcel Dekker, Inc.: New York, 1983; Vol. 15, pp-8. direct C-N pond cleavage be'°W the enefrgy_ of the INT
(45) Williams, R. J. PEur. J. Biochem1995 234 363-381. structure. This means that there is essentialyingle step
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Figure 8. Optimizedgemdiolate intermediate INT structure. Boundaries
of the model part are shown as broken bonds.

Figure 9. Optimized transition state TS2 structure for the direetNC

bond cleavage. Boundaries of the model part are shown as broken bonds.

mechanism for peptide hydrolysis by MMPs. The final free
energy profile in Figure 11 includes also zero-point vibra-
tional effects and entropy contributions. The activation barrier
of 13.1 kcal/mol is kinetically feasible and agrees well with
standard-state Gibbs activation energies of 16 kcal/mol,
derived fromk., datet® for thioester substrates. The high
exothermicity of 15.2 kcal/mol obtained for the overall
reaction is due to the large basis correctiet® (4 kcal/mol)
and entropy contribution—{5.9 kcal/mol). This is a prob-
lematic point in the present model (not the mechanism),

because the reverse reaction of peptide synthesis become,

too slow. In the terminal PROD complex of the reaction,

(46) Stein, R. L.; Izquierdo-Martin, MArch. Biochem. Biophy4.994 308
274-277.

Figure 10. Optimized PROD structure for the hydrolysis products.
Boundaries of the model part are shown as broken bonds.
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Figure 11. Free energy surface obtained for the advanced B-ONIOM
model system. The low level MND@E(low, real<— model) contributions
to the energetics are given by the thin line.

the methylamine part of the products is only weakly bound
to the active site via hydrogen bonding, giving rise to
increased entropy. Clearly, after or even during the second
ttansition state TS2, the model is probably less valid, because
motion of the amine part of the cleaved peptide would be
restricted in the actual enzyme and should cost at least a
few kilocalories.
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The low level MNDOAE(low, real~— model) contribution difference between models A and B (Figure 4) reveals the
to the energetics (Figure 11) is0.4 kcal/mol for the TS1  effect of including the solvent water, which acts as a potent
transition state. This can be regarded as another confirmatiorelectrophile to the zinc-coordinated substrate oxygen and
of the small role of the backbone during the catalytic step. reduces the activation barrier by about 5 kcal/mol; see Figure
The largest value over the profile44.7 kcal/mol, affecting 5. Therefore, a support is provided for the experimentally
the second transition state, TS2. However, it does not modify suggestetf importance of weakly bound water. The recently
any of the main conclusions here. An indication of a very implemented two-layered ONIOM method has been used for
small protein environment effect of about 1 kcal/mol was the third B-ONIOM model, allowing the consideration of a
suggested from the recent study on thermoly3imhich has  more realistic approximation for the active site, containing
a high degree of similarity with MMPs. As mentioned at 132 atoms and including the backbone between the residues.
the end of section llla, the dielectric effects are rather small However, no significant effect of protein strain was observed
for the A model, where they might have been expected to for the catalysis, and the barrier for the rate-limiting step
contribute significantly because of the extra negative chargeTs1 (Figure 7) was decreased by only 1.6 kcal/mol.
at the carbonyl oxygen. Even smaller effects are obtained gssentially a single-step reaction mechanism has been

for the B model system, where this oxygen is screened by optained; see Figure 11. The intermediate INT (Figure 8) at
the solvent water included in the model. On the basis of theseihe midpoint of the profile thus becomes metastable. The

results, the calculation of the dielectric effects was omitted Gjy202 residue is confirmed to play a key role, acting as a

for the B-ONIOM model. base during the reactant water deprotonation. THé Zenter
IV. Conclusions rgmains p_entaco_ordinated QUring the reaction, with a distorted
trigonal bipyramidal coordination. However, for the PROD

In the present study, the mechanism for peptide hydrolysis (Figure 10) final structure, a tetrahedral coordination sphere
by human stromelysin-1 has been investigated using quantumegn pe assigned, because one of the carboxylate oxygens is
chemical meth_ods. The structural reference_ was taker] fromquite far away (2.9 A) from the metal. The key parameter
crystallographic X-ray datéfor the enzyme, inhibited with  gptained is the activation energy, which is 13.1 kcal/mol and
the transition state analogue piperidine sulfonamide inhibitor. agrees well with the experimental results of-15 kcal/
The model was set up to investigate the catalytic action. Only ., for thioester substrates.
the characteristic HExxHxxGxxH zinc-binding motif was
included, with the structural zinc-coordinating histidines and
the catalytic glutamate considered explicitly and the rest of
the motif as a backbone. Because the HExxHxxGxxH spacer
is a hallmark of metzincins proteases, our results are
generally applicable to this large family of zinc enzymes,
which includes also matrix metalloproteases.

Three models (Table 1) were investigated, basically
following the single mechanism described in Figure 3. The 1C0255656

The final comment made here is that the outcome of the
current study for the catalysis by MMPs closely matches the
previous results for the catalysis by thermolysin-like pro-
teases (TLPs). This relates to the similarity of the energy
profile and structure obtained, and to the insignificance of
protein strain in both types of zinc proteases.
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