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Abstract The hydrolysis by thermolysin of a Gly-Phe-Leu peptide, considered as a model substrate of
the enkephalin family, has been studied with a mixed QM/MM method with the AM1/AMBER
parameterizigon. This study is based on the mechanism proposed by Matthews in which the Glu-143
residue plays the role of a proton shuttle in the course of the reaction. The study focused on the descrip-
tion of every step of the process, reaction intermediates and transition states, and on the influence, both
energetical and structural, of the whole protein on these statipoars. The ovexrll mechanism
appears to be quite realistic, but the study shows that some reaction steps that were assumed to be
concerted should occur in two phases. Analysis of the role of the amino-acids surrounding the active
site has shown their important participation in the fluctuations of the energy. In particular, the major
role of His-231 on the overall mechanism has been confirmed. This study shows that modeling reaction
mechanisms for enzymes is quite feasible and opens the way for computer experiments that may be
helpful in devising and interpreting detailed experimental investigations.

Keywords Hybrid methods, QM/MM, LSCF, Zinc metalloproteases, Thermolysin, Peptide hydrolysis,
Enzymatic mechanism

Since, several structures of TLN have been characterized
with different inhibitors with different ways of binding. In

) i . . this HExxH+E sub-family, the structures of pseudolysin [4]
Thermolysin (TLN), a zinc metallopeptidase, is the best-gnq pacillolysin [5,6] have also been determined but many
studied me'mbe( of the clgn of enzymes containing théyuman enzymes of the same group, such as neprilysin (NEP),
HEXxH+E zmc-bmdmg mot!f.[l] The first X-Ray structure peptidase O (pepO), endothelin-converting enzyme (ECE)
of thermolysin was solved in 1972 by Matthestsal[2,3]  have not yet been crystallized. Indeed, thermolysin being a
bacterial enzyme, the interest of studying such a metallo-
protesase would have been limited if the characteristics (hy-
drolysis mechanism and specificity) of the above mentioned
human enzymes and TLN were not so close. Therefore,
*Present adressGRECFO-LARTIC, Université de Nice- thermolysin is often considered as a model for the other
SophiaAntipolis, F-06108 Nice Cedex 2, France. metalloproteases of its clan.
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Thermolysin is a thermostable enzyme produced bypns that describe these bonds are not taken into account.
Baccilus thermoproteolyticudhis thermal stabilityj2,3,7] On the other hand, in full quantum calculations, the size of
arises from the presence of four calcium ions in its structutiee system is limited by constraints regarding the computer
The three amino acid ligands of the zinc cation are His-14ipe. An alternative approach is the use of hybrid methods,[19]
His-146 and Glu-166 and therefore, the second conserof#n denoted QM/MM methods, which combine the advan-
glutamate residue is Glu-143. These amino acids are ptages of the both famalisms. The rdgn of the system in
tioned on two helices (residues 137-150 and 160-180), amavridch the chemical reaction takes place is described in a
the seven present in thermolysin, which form a cross centegedntum way while the rest of the macromolecule is described
at the active site. The 137-150 helix plays the particular rddg means of a classical force field. Many such methods have
of link between the two lobes of thermolysin, namely redieen developed [20-24] this last decade and used to investi-
dues 1-136 and 151-316. The fourth ligand position is fillg@dite enzymatic activity. Such methods have been applied to
either by a water molecule in the free wild type enzyme iovestigate the importance of the coordination of the metal
by a substrate or an inhibitor. The successive inhibitor/TLR5,26] and to point out the role of specific residues in alco-
co-crystallized structures also brought important informatiohsl dehydrogenase [27] but to the best of our knowledge none
on the role of several amino acids close to the zinc atomhbwve been employed for the study of a entire hydrolysis
the active site, a S1' hydrophobic subsite is involved in timechanism by a zinc metalloprotease.
recognition of the inhibitors and substrates. It is constituted Most such methods are limited to the semiempirical [19]
by the sidechains of the following residues: Phe-130, Ldavel but more recently hybrid methods based on Density
133, Val-139, lle-188, Gly-189, Val-192 and Leu-202. Othéunctional [28-30] orab initio [31] formalisms have been
residues, such as Asn-112, Ala-113, Arg-203 and His-28tkeyveloped as well. However, the mixed methods using semi-
are involved in the stabilization of the inhibitors or substratempirical description of the reactive part remain the most
through hydrogen bonds. Generally speaking, the hydrogeidely used in the case of enzymatic mechanism investiga-
bond network between the amino acids of the first two shdilsns due to the number of atoms involved in the chemical
of residues surrounding the metal is important for the actprocess. Contrarily to most of the available methods, which
ity of the enzyme.[8] Muting to Ala theAsp-170 residue, use an atrtificial link atom to treat the split between the two
which is involved in hydrogen bonds with both Arg-203 arglibsystems, the Local Self Consistent Field method [31-33]
His-142 to Ala, leads to drastic decrease of the specific activSCF) used in this work explicitly treats the bond separat-
ity of thermolysin. ing the quantum part from the classical one. In a previous

Thermolysin hydrolyses peptidic bonds on the amino sigieidy,[34,35] this method proved to be efficient in predicting
of a hydrophobic residue. Among the wide variety of suthe catalytic strength of thermolysin by comparison with full
strates, one can put forward the benzocarbonyl derivativesg@antum studies on model systems and allowed us to discuss
Leucine Enkephalin,[10] the glutaryl derivatives [11,12] bube influences, both energetic and structural, of the whole
also the atrial natriuretic factor [13] which is a physiologicanzyme [36] on the reaction mechanisms.
substrate of Neprylisin. A first hydrolysis peptide mechanism Thermolysin is known to hydrolyze peptides of the
by thermolysin has been proposed on the basis of the X-Rakephalin familyand the Tyr-GJ-Gly-Phe-Leu (YGGFL)
structures which have permitted to establish structural maeptide is considered as one of its best natural substrates.
els for the different reaction steps,[14] In this process, tBémulating the reactivity of such an enzyme using theoreti-
Glu-143 residue plays an important role, as a proton shuttéé chemistry tools should at best involve a whole quantum
between the reactant water molecule and the peptidic baedcription of the system composed of the enzits¥GGGFL
to be hydrolyzed. More recently, an alternative mechanisubstrate and the surrounding solvent water molecules. Ex-
has been proposed,[15,16] in which the amino acid involvieshsive use of molecular dynamics should then allow us to
in the successive proton transfers is His-231. In this schemegess reaction free energies which could be directly com-
contrarily to the former one, His-231 is supposed to be ngared to experiment results. Unfortunately this ideal way of
tral in the enzyme and a proton transfer occurs from the sanulating enzymatic reactions is still far from being achieved
acting water molecule on the histidine residue. Then, the dete to the actual limited power of computers. Therefore, one
sulting OH ion is involved in a nucleophilic attack of themust make several approximations in the description of the
carbon atom of the peptidic bond, leading to the breakingsyktem to get a good qualitative and even semi-quantitative
the substrate. Even if some results based on kinetics [16] rsight into the reactivity of thermolysin.
crystallographic experiments [17] give arguments in favour The first approximation to make is to reduce the part of
of this latter mechanism, the former remains favored. Indedite system described at a quantum level. Use of QM/MM
on mutation of Glu-143, a drastic loss of activity ofethods allows us to describe the active site of thermolysin
thermolysin is noted and at the moment, this fact cannotdigectly involved in the hydrolysis mechanism by quantum
accommodated by the second mechanism. mechanics, whereas the rest of the enzyme, which does not

Taking all these factors into account is not simple [1Phrticipate directly in the reaction, is described by classical
when one considers theoretical investigations of the catalytiolecular mechanics. In the present work, in order to reduce
mechanism of such a metalloprotease. Indeed, studying ttiee size of the substrate, and since it seems that the Tyr-Gly
breaking and the formation of chemical bonds is not simpleterminal part of the substrate does not take an active part
by means of molecular mechanics methods since the elacthe hydrolysis process, we focused our attention on the
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hydrolysis mechanism by thermolysin of the Gly-Phe-Leuowerful tool for studying reactivity in enzymes.[37] In the
peptide considered as a model peptide of the enkephalin fanesent case, the necessity of considering in the quantum sub-
ily. We based our investigations on the reaction scheme pgstem at least the chemically important groups of the active
posed by Matthews since, as mentioned above, it seems teiteg a polypeptidic chain to be hydrolyzed and a water mol-
the most widely accepted mechanism. ecule, the number of atoms rises to more than 100. The use
of anab initio or a DFT method is still not feasible. There-
fore, we limited our study to the semiempirical level. Previ-
Methodology ous studies on model peptide hydrolysis at semiempirical,
DFT andab initio levels [34,35] have shown a good agree-

] . ) i ment between the structures obtained for this different kind
The main problem arising with QM/MM methods is the dgst computations, although the energy barriers are systemati-
scription of the QM/MM interactions, especially when simyz|ly overestimated at the semiempirical level compared to
lating enzyme reactivity, where covalent bonds must be shaggdnitio and DFT, but these data can still be used to support
between atoms located at the border between the two @Mualitative reasoning. Furthermore, there is strong evidence
and MM regions (see Figure 1). This so-called frontier bogght the substrate is strongly tied to the thermolysin active
must be described at the quantum level in order to reprodyge, so that we made the assumption that the geometry of the
its behavior as if the whole system were included in the qufy part of the systemi.g. the rest of the enzyme) does not
tum computation. One way to carry out such a computatigiange significantly during the reaction and has been then
is to use the Local Self Consistent Field approach which kassidered as fixed along the reaction path.
been extensively described elsewhere.[31-33] Its basic prin-_ gcE semiempirical computations have been performed
ciples are the following. The frontier bonds are described ngg the GEOMOP program [38] at the NDDO level with
strictly localized bond orbitals (SLBOs) whose electronigyj1 parameterization.[39,40] The electrostatic interactions
properties are considered constant during the whole reacfigiiyeen the quantum and the classical subsystems (point
process (this assumption is valid provided that the reactioppigrges) are included in the Hamiltonian. The classical force
located far enough away from the frontier bonds). Theggld used is AMBER [41] with special potentials for the zinc
SLBOs are frozen (i.e. they do not change during the comggyms developed by Jacob.[42]
tation) and a local SCF procedure is carried out using a bas@reparation of the system has been made using a com-
set of orbitals orthogonal to these frozen SLBOs in orderﬁ@te MM description of the system. Minimization proce-
generate the molecular orbitals describing the quantum sgres have been performed on the whole system with the
system. . ~_ DISCOVER program [43] developed by MSI using either

The LSCF formalism has been developed atathénitio  sieepest descent or conjugate gradients methods.

[31] and semiempirical levels [32,33] and provides a very
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Intermediate and transition states along the reaction pathThe above complex was used as a starting point for the
have been then located by varying the coordinates of the@t/MM study and was divided into two parts (see Figure 1).
oms entering the quantum subsystem. Transition states Havéhe quantum part, we have included the metal, the His-
been characterized using Schlegel’s algorithm,[44] verifyidg2, His-146 and Glu-166 ligands, the GFL substrate as well
that the Hessian has only one negative eigenvalue, correspasdthe Glu-143 residue since, following the hypothesis of
ing to an imaginary frequency. Reaction intermediates wéviatthews, this residue plays an important role in the hydroly-
directly related to the TS by following the transitiomctor sis mechanism. For the two His-146 and Glu-166 ligands,
on both sides, using the IRC formalism,[45,46] and then fullye split was made between thg &hd the G atoms. This
optimized. point is acceptable since it has been demonstrated previously
[36] that along a reaction path the most important changes in
these ligands occur at thairsystem,i.e. the imidazole ring
for His and the carboxylic group f@lu. The frgment in-
cluding His-142 and Glu-143 was considered as a wihele
o ) ] the sidechains and the peptidic unit between them. The splits
The initial atomic coordinates of the enzyme are taken frQpare made between the @nd the N atoms of the His-142
the crystallographic structures available in the Protein Dgtaidue on one side and between theadd the C atoms of
Bank.[47] The hydrogen atoms are added using the usual Rf- G|u-143 residue on the other side. The rest of the enzyme

cedues. The poton of the acidic and basic sidechains aigas described by means of the classical AMBER force field.
distributed according to the standard,mf these groups for

an hypothetical pH of 7. The consequence of this is that the
total charge of the protein is -2e. In our computations we ditt
not add the counterions which are often considered as ha\nﬁa"'ts
a constant contribution to the energy of the system and we
only discussed the energy variations along the reaction path. ] )
As mentioned previouslythe Tyr-Gl-Gly-Phe-Leu Hydrolysis mechanism
(YGGFL) peptide [11] is often used by experimentalists as a ) o .
basis of comparison to measure the activity of thermolysifie breaking of the peptidic bond of the substrate involves a
or related metalloproteases. The hydrolysis of such a pepfig&es of stationary points whose main characteristics can be
takes place between the Gly and the Phe amino-acids. fatd in Table 1, wile a schematic representation of the
second glycine amino-acid is linked to the enzyme througffié@ction path is described in Figure 2. The atom numbering
bond between its carbonyl oxygen and the zinc cation ($&éefined on Figure 3.
Figure 1). No other covalent or coordination bonds are pro-
posed to exist but several H-bonds between the substratel8figl Complex 11 Starting from the enzyme-substrate com-
the enzyme are assumed to stabilize the Comp|ex_ Furt[‘m.x 10, a water molecule is introduced into the active site of
more, the phenyl group of the Phe amino-acid of the sibe enzyme between the Gly-Phe peptidic bond and the car-
strate peptide is probably inserted in th¢ I§/drophobic boxylic group of the Glu-143 residue. The quantum part is
subsite of the thermolysin protease. All these conclusions aff{n optimized. In the resulting structure (see Figure 3), this
from analyses of co-crystallized structures of TLN with seiater molecule can be considered as a fifth ligand for the
eral inhibitors. zinc atom if one considers the zinc-oxygen interatomic dis-
Because of the above considerations, and in order totgsice (Zn-Q 2.275 A). At the AM1 level of approximation,
duce the size of the system, we chose to limit our study té@ two hydrogen atoms of the incoming water molecule are
Gly-Phe-Leu tripeptide but, in order to study a system tHayolved in two hydrogen bonds with the oxygen atoms of
can be considered as a model of a larger peptide, the Gyt Glu-143 carboxylic group (@4,: 1.941 A and @-H,"
terminal residue was not protonated. On the other hand, 209 A). Computations performed on a model system in-
Leu C-terminal is assumed to be in its charged form as in eéding a water molecule and a formate ion with other semi-
pentapeptide. empirical methods or at theb initio level show that this in-
This tripeptide has been docked in the enzyme with tiRsaction may involve only one hydrogen atom. Neverthe-
help of the cocrystallized structures of the TLN protease wl@$s, in the protein, the constraints imposed by the limited
some inhibitor and following the aboveopositions. This Space are also in favor of this double interaction. At this stage,
structure was then minimized fully at the MM level usinfO strong interactions arise between the water molecule and
both steepest descent and conjugate gradient algorithms. figesubstrate (©0,: 2.501 A and BN,: 2.790 A). Con-
resulting Gly-Phe-Leu/thermolysin complex shows the sar@rsely, the introduction of this new ligand leads to an in-
structural trends as those of the crystallized structures. (GFease of the Zn-(bond-length (+0.061 A) and to an impor-
der these assumptions the net electronic charge of the $@Bt decrease of the, @I, bond-length (-0.084 A) while €
strate is -1, so that the enzyme-substrate interaction hdg; 4oes not vary.
positive Coulomb contribution, which would vanish on add-
ing counteions. This unphysical situation will be correctedl S1 transition State According to our results, the next step
by considering the energy variations along the reaction pagha proton transfer from the water molecule to the gluta-

Preparation of the system
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Figure 2 Schematic description of the reactive part for the stationary points along the reaction path. Energies (in"Rcal-mol
with respect to intermediate 11 are given in parenthesis

matel143, which occurs through a transition state denoted T8hcerted attack of the carbon of the peptidic bond by the
on Figure 2 and located 16.6 kcal-rhalbove the previous oxygen atom of the water molecule. In the characterized tran-
complex. The two hydrogen atoms of the water molecud#ion state, the hydrogen transfer is almost complete: the
exhibit a very different behavior and a careful analysis of tg-H, bond is short (1.052 A) while M, is elongated to a
various possibilities shows that the only possible procesdaigge extent (1.470 A). Therefore, an Gitoup, involving

the transfer of the hydrogen atom denotedirHFigure 2. the H, and Q atoms of the water molecule is formed. The
Transfer of the B proton appears impossible as well as electronic population of the oxygen atom increases drasti-
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Figure 3 Structures of the initial and final intermediates, 11 and 15 respectively, for the hydrolysis mechanism. Only the
quantum part is presented

cally and leads to an important decrease of the Zhe@d- peptidic bond. This approach leads to a transition state which
length. Aconsequence of this change is an increase of theonly 4.35 kcal-mol above the 12 intermediate. The ap-
Zn-0O, bond-length associated to a slight elongation of tpeoach of the OHplays the major role in the reaction coordi-
peptidic bond and a slight shortening of the carbonyl borrite. However, in this transition state, the@; bond-length
These changes in the structure are reflected by the evoluti@msains long (1.836 A) and indicates that the interaction of
of the net atomic chaeg. The peptidic bond to be broken ithe carbonyl group with the zinc atom does not activate the
only slightly perturbed in a way which prepares its breakipgptidic bond strongly. This approach leads to an important
by a slight departure from planarity (the@N,C,' dihedral perturbation of ther-system of the peptidic bond as illus-
angle is 172°) in conjunction with a shortening of theOZ  trated by the evolutions of the @, and G-N, bond-lengths,
bond (-0.132 A). by the charges of the corresponding atoms and by the
O,C,N,C;" dihedral angle which dezaises to 149°. This is
I2 Intermediate By following the eigengctor of the TS1 accompanied by a slight pyramidalization at the nitrogen
transition state, an intermediate in which thghydrogen atom. Note also that Zn;@nd Zn-Q bonds have almost the
atom is completely transferred to the carboxylic group same length but cannot be considered as equivalent since, for
Glu-143 is characterized and denoted 12 (see Figure 2)ekample, the charges of the two oxygen atoms are different
this complex, one can consider that the fifth ligand of tl§@able 1).
metal is a OHgroup. Except for a slight shortening of the
O,-C, bond with respect to the previous transition state, orly Intermediate The nucleophilic attack leads to an inter-
small evolutions of the geometry can be noted. Thus, I2niediate denoted 13, in which the main features observed in
only weakly stabilized with respect to TS2 (-0.48 kcal-Hnol TS2 are enhanced except for the metal oxygen bond-lengths.
and the reality of these two stationary points cannot be cdire Zn-Q distance is now shorter than Zn-Qut this is eas-
sidered as certain. ily understandable since the, Gxygen atom of the reacting
water molecule is involved in two covalent bonds, with H
TS2 Transition State The following step appears to be thend G. This point is reflected by the drastic decrease of the
nucleophilic attack of the peptidic carbon atom by the OHegative charge of this oxygen atom. Pyramidalization of the
group formed during the previous step. Here again sevar@itogen atom and tetrahedralization of the carbon atom of
possible reaction paths have been considered and the cortipupeptidic bond are now visible. Furthermore, taking into
tations have shown that the only feasible one is the nu@decount the relatively long HO,' interatomic distance and
ophilic attack of the Qatom on the Ccarbon atom of the the relatively weak negative charge of thg &om, a hydro-



J. Mol. Model.2000 6 533

Table 1 Bond-lengths (A) and Mullikenet Atomic Charges Corresponding to the Stationary Points. See Figure 2 for
Notations

Bond-lengths

10[a] 11 TS1 12 TS2 ] TS3 14 TS4 15
Zn0, 2.16 2.22 2.26 2.27 2.15 2.07 2.13 2.17 2.14 2.27
O,C, 1.28 (1.26) 1.27 1.27 1.27 1.0 1.34 1.33 1.31 1.32 1.27
C.N, 1.44 (1.37) 1.35 1.37 1.37 1.40 1.45 1.52 1.58 1.65 3.04
Zn0o, 2.28 2.06 2.03 2.14 2.37 2.27 2.28 2.18 2.25
0,C, 2.50 2.37 2.37 1.84 1.51 1.46 1.44 1.38 1.30
H,N, 2.79 2.87 2.82 2.81 2.87 1.36 1.04 1.03 1.01
H,O, 1.95 1.05 1.00 0.99 0.99 1.31 1.93 2.08 2.20
H, O, 2.02 2.15 2.18 2.47 2.64 2.05 2.07 1.16 0.98
H,’O, - - - - - - 2.40 - -
H,N, - - - - - - - - -
O,H, 0.98 1.47 1.73 1.82 - - - - -
O,H,’ - - - - - - - 1.31 1.95
Mulliken Net Atomic Charges

10[a] 11 TS1 12 TS2 ] TS3 14 TS4 15
Zn 0.74 0.72 0.69 0.68 0.68 0.68 0.68 0.69 0.68 0.72
O, -0.41 (-0.44) -0.42 -0.41 -0.42 -0.50 -0.55 -0.53 -0.51 -0.55 -0.45
C, 0.35 (0.26) 0.30 0.39 0.34 0.38 0.31 0.26 0.27 0.32 0.31
N, -0.36 (-0.37)  -0.33 -0.35 -0.35 -0.38 -0.39 -0.28 -0.14 -0.15 -0.34
o, -0.41 -0.69 -0.72 -0.62 -0.46 -0.39 -0.39 -0.60 -0.56
H, 0.26 0.34 0.33 0.32 0.31 0.37 0.28 0.23 0.17
H,' 0.28 0.19 0.18 0.19 0.22 0.25 0.29 0.36 0.31
O, -0.57 -0.38 -0.34 -0.33 -0.32 -0.53 -0.62 -0.48 -0.35
(ON -0.64 -0.46 -0.41 -0.41 -0.40 -0.52 -0.59 -0.46 -0.36

[a] The values in parenthesis refer to the free Gly-Phe-Leu peptide.

gen transfer from Oto O,' is difficult to imagine. Further- going from I3 to TS3 involves an inversion at theatbm in

more, no transition state has been located correspondingrtter to make the AN, hydrogen bond possible. A system-

the concerted hydrogen transferg éh Q' and H on N,. On atic analysis of this path shows that no stable intermediate

the other hand, the HN, is also long (2.87 A) but, since thewith the proper configuration at the Btom can be found, so

lone pair of the nitrogen points in the opposite direction tifat the 13- 14 step is a one step mechanism.

the H, hydrogen atom, a inversion of this group at the nitro-

gen atom is conceivable, leading to a shortgNHdistance 14 Intermediate In this structure, the €N, is elongated but

and to a possible transfer (see Figure 4). cannot be considered to be broken. Furthermore, two hydro-
gen bonds between the two oxygen atoms of the carboxylic

TS3 Transition State This transition state, 19.70 kcal-mol group of the Glu-143 residue and the twgpatid H' hydro-

higher in energy than 13, corresponds to an hydrogen trangfen atoms can be reported.

from Glu143 on the nitrogen atom of the peptidic bond to be

hydrolyzed. This hydrogen is the one which has been prel$4 transition state The hydrogen transfer between thg O

ously transferred from the water molecule on Glu-143 in tb&ygen atom and the ;Oatom of the Glu-143 carboxylic

I1 - 12 step of the reaction. This transfer is more symmetgroup is coupled with the complete breaking of theN¢

cal than the transfer which occurs in the TS1 transition stgieptidic bond. Here again, during the transfer, theéiQand

the O-H, and H-N, bond-lengths are comparable. Som®,-H," bond-lengths are nearly the same. The twartal Q

important changes can be reported in the bond-lengths dsergen atoms tend to be equivalent with respect to the C

tween the Ccarbon atom and the atoms to which it is bondeahd Zn atoms and the difference betwegrad Q can be

While C,-N; bond-length increases,-©, and G-O, bond- explained by the QH,' interaction which makes the Zn;O

lengths both decrease. These evolutions are followed bgral C-O, slightly longer. The carboxylic group,0,0, is

drastic decrease of the,HD,' interatomic distance. The pathnow almost formed.
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His231

Figure 4 Structures of the most stabilized intermediate 13 and of the following transitiorir§taterhe quantum part and
the His-231 residue, described classically, are presented

I5 Intermediate If one limits oneself to the hydrolysis of The possibilities that the release of the products (Gly and
the Gly-Phe peptidic bond, this intermediate correspondsPtioe-Leu peptides in our case) occurs through a process in-
the products (see Figure 3) but if the whole catalytic cyalelving a motion of the whole enzyme has been discussed.[48]
involving the release of the separated Gly and Phe-Leu p&pe authors of this study mentioned the possible hinge-bend-
tides, this stationary point is only a reaction intermediaiag motion between the two lobes of thermolysin around the
Nevertheless, the Gly amino acid and Phe-Leu peptide 487-150 and 160-180 helices since they form a cross centered
well characterized. Indeed, thg-R, bond is now broken: at the active site. Simulation of such a dynamic process re-
3.036 A. Additionally, by inspecting the OC and OZn bondrains too expensive when using a QM/MM method and will
lengths, the Qand Q oxygen atoms can now be consideredot be envisaged here. However, our computations have shown
as equivalent. The slight differences may be explained by that the intermediate 15 may undergo a variety of transfor-
weak interaction which remains between thgtkansferred mations, basically through proton transfer processes, for which
atom and the Qoxygen atom of the carboxylic group of thehe products could also be obtained. Below, such structures
forming Gly amino-acid. Five atoms are coordinated to thaee described (see Figure 5).
metal center since the Gly peptide is linked to the metal in a
bidentate way. Furthermore, the C-terminal carbon atoml6fintermediate This intermediate is expected to be the re-
the forming Gly peptide presents a sp2 configuration. Finalglt of a transformation of I5 through an hypothetical transi-
the drastic energy decrease bextw theTS4 and the |5 sta- tion state TS5, which is not considered here. In this struc-
tionary points, -45.48 kcal-mglhas to be noted. This dimi-ture, the H' hydrogen atom which was present on thg O
nution allows us to conclude that the reverse reaction is ngygen atom of the Glu-143 carboxylic group is now bonded
feasible. to the Q oxygen atom, on the side of the N-terminal nitro-
gen atom of the Phe-Leu peptide. Another important differ-
ence in the structure by comparison with 15 lies on the orien-
Termination of the reaction and regeneration of the enzyntiation of the lone pair of the,Mitrogen atom. In 16, this lone
pair points towards the Glu-143 residue and therefore a hy-
As mentioned above, the I5 intermediate cannot be consldagen bond exists while, in the 15 intermediate, it points
ered as the final product of the complete biological procetsvards the opposite direction permitting then a hydrogen
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Table2 Energetic contributions (in kcal-m8l along the re- ecules of crystalisation and total contributions. See Figure 2
action path to the total energy of several subsystems descrited text for notations
classically: single residues, whole thermolysin, water mol-

10 11 TS1 12 TS2 13 TS3 14 TS4 15
Residues participating to H-bonds|a]
Asn-112 -5.4 -5.3 -5.2 -5.5 -5.5 -5.5 -7.3 -7.3 -7.8 -7.6
Ala-113 -2.6 -2.6 -0.8 -0.3 0.1 0.6 1.6 -2.8 0.8 0.9
Tyr-157 0.9 0.4 -0.3 -0.3 0.1 0.5 1.7 1.3 1.2 0.3
Arg-203 -52.0 -52.2 -55.2 -55.8 -57.3 -58.0 -55.9 -51.7 -55.4 -57.8
His-231 -92.4 -84.8 -90.7 -91.5 -98.1 -102.4 -96.0 -90.3 -97.9 -99.8
Residues participating to the S1' hydrophobic subsite[b]
Phe-130 -1.7 -1.7 -1.9 -1.8 -1.8 -1.8 -1.3 -1.5 -1.4 -1.5
Val-139 -5.1 -5.1 -5.2 -6.1 -6.6 -6.9 -5.5 -4.9 -5.8 -6.4
lle-188 0.4 0.5 1.1 0.9 1.2 1.1 2.4 2.2 2.6 2.0
Leu-202 -1.2 -1.2 -1.7 -1.7 -1.7 -1.7 -1.7 -1.7 -1.8 -1.6
Contributions of Subsystems
TLNI[c] 3.1 6.5 1.5 0.6 -7.7 -13.5 -1.5 3.0 -4.7 -12.0
H,O[d] 5.5 5.2 6.4 6.6 7.5 8.1 7.4 5.9 7.5 7.8
Total 8.6 11.7 8.0 7.2 -0.2 -5.4 5.9 8.9 2.8 -4.1

[a]Amino acids interacting through H-bond with the subfc] All atoms of thermolysin excepted those included in the
strate quantum part

[b]Amino acids interacting through hydrophobic interactiorid] Water molecules of crystalisation
with the substrate at the S1' subsite

bond between Nand H, the hydrogen transferred in the pretion of the previous processes. This structure is energetically
vious step. No transition state has been characterized forahe structurally close to 15 if one excludes the two most im-
process leading from 15 to 16. Nevertheless, the hydrogeortant changes, mentioned above.

transfer between the two oxygen atoms of a carboxylic group

as well as the inversion of the amino group are known to B86 Transition State The proton transfer from the Glu-143
energetically easy. Therefore, reaching this structure fromd&rboxylic group to the lone pair of the terminal nitrogen
is undoubtly feasible if one considers the high energy actiedem of the Phe-Leu peptide constitutes the most important

0,7\ 0,7\ 0,7\
(|)3 0, O,

\\ I;_IZ HZ'
N2 N h}
7Zn\o/ 1 \\\‘/ 1 7Zn\o/ 1 \\\/1 7Zn\o/ 1 \\\‘/1

1 H2 1 H2 1 H2
16 (-5.51) TS6 (14.59) 17 (+0.34)

Figure 5 Schematic description of the reactive part for the stationary points of the termination of the reaction. Energies (in
kcal-mof!) with respect to intermediate 11 are given in parenthesis
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Figure 6 Energy profile of

the hydrolysis mechanism (in
kcal-mot?). Total energy

(plain lines) and energy con-
tributions of the surroundings +40
(hatched lines) are given with
respect to the initial complex
11 +30 o

+20 =
E
+10
g
B
i I& | TRa
ﬂ 0 = L _/
T o
-10 - S A
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contribution to the reaction coordinate. Here again, this traiatthews and exhibits, for example, more steps, including
fer is rather symmetrical and the energy barrier, 20.frf@nsition states and local minima. In order to analyze the
kcal-mot! is almost the same that the previous one (TS4)importance of the surroundings, for each of these stationary
points, the contribution of the enzyme to the total energy has
I7 Intermediate At this point, the hydrogen atom is combeen computed (see Table 2 and Figure 6). This contribution
pletely transferred and the Phe-Leu product of the hydrolys@responds to the purg E, ., term, which can be extracted
is a peptide charged at its C- and N-terminal parts, whichessily from the total energy. Furthermore, the contribution of
the common way to consider a peptide in a solution or iniadividual residues may be extracted by [&l QWMM|W>
enzyme. The Glu-143 carboxylic group is regenerated butwinereW is the polarized wavefunction and®M™M repre-
H-bond still exists between the transferred hydrogen atsent the perturbation due to the resideote that this term
and the Q atom of the Glu-143 carboxylic group. includes in part the non additive contributions to the energy).
Considering the total contribution, one should keep in mind
Products As shown in the intermediates 15, 16 and 17, thiéhat the rather surprising positive values in the interactions
Gly amino acid (considered as a product of the hydrolysiskisergies come from the fact that both the quantum and the
doubly ligated to the metal, whereas the Phe-Leu peptidassical subsystems are negatively charged. Similarly, the
interacts with the enzyme through electrostatic interactiomgroduction of the water molecule (10 to 11) induces an in-
only. The final product could involve the separated Gly-eorease of energy, which may come from the fact that the sys-
zyme complex and the Phe-Leu peptide. The latter may reggm has been fully optimized in the absence of this molecule.
resent two forms, a non-protonated one, as found in 15 andavever, the chemically interesting energy changes occur in
protonated one as found in 17. In both cases, the processtlap-rest of the process.
pears to be energetically unfavorable in vacuo and, solvationThe first interesting feature concerns the nucleophilic at-
effects, which are not taken into account here, are expedtsk of the carbonyl group by the oxygen atom of the water.
to play a major role. Therefore, this step will not be discussElis reaction, which is usually considered as a concerted
further. mechanism, appears as a two step reaction in which a proton
transfer to the glutamate group (12) occurs previously to the
nucleophilic attack by the resulting Ogroup. Neverthe-
less, the well defined energy minimum corresponding to 12
is only 0.5 kcal-mol below the transition state and this quan-
. ) ) tity is smaller than the error bars of the method. If one analyzes
The peptide hydrolysis mechanism (steps-I15) presented the energy of interaction between the quantum and the clas-
here shows several differences with the scheme proposediBy| parts of the system, one notices that this quantity de-

Discussion
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creases by 0.7 kcal-mbfrom TS1 to 12. This means that the During this discussion we focused our attention on the
hypothetical intermediate 12 would appear more stable if ooentribution of the whole classical subsystem or on His-231
optimizes the classical structure at this step. Finally, fronoaly. A more detailed analysis may consider the contribu-
structural point of view one notices that the-@Q distance tions of other residues that are often mentioned as being im-
does not decreases much while the distanegrCand H-O, portant. Contributions of these residues are detailed in Table
decrease strongly when passing from 11 to 1RBisTremark 2 and distinction has been made between the residues able to
together with the fact that the proton transfer occurs gn €stablish a H-bond with the substrate and the hydrophobic
only support the idea that the intermediate 13 is formed franes. Similarly, the contribution of the crystallization water
I1 by two successive steps. molecules has been separated from the rest of the classical
From a kinetic point of view, one must point out that thgart. One notices that the interaction energy of these water
rather low energy barrier that separates 12 from I3 at TS2hislecules varies in a range of 2.9 kcal-#nalthough the
mainly due to the presence of the enzyme since it appaasations of the interactions with the rest of the enzyme reach
(Table 2) that the classical-quantum interaction energy @& kcal-mol. The interaction with the hydrophobic residues
creases by 7.4 kcal-mbfrom 12 to TS2. Thentermediate do not vary much. The strongest variations, 2.2 kcai*mol
state 13 again is strongly stabilized by the presence of #re found with lle-188 which has a positive interaction en-
surroundings. By considering the individual contributions efgy with the quantum subsystem. Apart from His-231, the
the most important amino acids, as shown in Table 2, it gprongest interactions are obserweth Arg-203 andAsn-
pears that His-231 plays a major role in this stabilizatiohl12. Ala-113 and Tyr-157, which have been proposed as tran-
This finding confirms some experimental results indicatirgjtion state stabilizers, do not appear as important partners in
that His-231 is strongly involved in the lowering of the erthe process of interest.
ergy barriers.[14-16] Finally, TS2, in which the Zn atom is
pentaligated appears to be closer to the structure found in the
TLN-hydroxamic inhibitor complex [49] than in the TLN-
phosphoramidon one,[50] in which the Zn is tetraligated.
The subsequent breaking of the peptidic bond again ap- . .
pears as a multistep reaction. The protonation of the peptiéab(,b”d QM/MM computations appears as a useful tool to
nitrogen requires a nitrogen inversion process mentior@iflyze enzymatic reactionsopesses. The necessity of us-
previously (TS3). The resulting intermediate 14 still showsiRd semiempirical quantum chemical methods, which gener-
rather short GN, bond (1.58 A). The EN, bond breaking ally exaggerate the energies of the transition states, prevents
occurs in the next step and is accompanied by the transfe#Sfrom deriving quantitative conclusions. Nevertheless, the
proton H,' from Q, to Q,. The final structure 15 is characteromparison of the various energies, and the determination of
ized by along GN, distance (3.0 A) and a planaaC,0,0, the stationary points along the reaction paths allows us to
carboxy group of the Gly residue. The same general featLﬁiggve some useful information. In the present case, our find-
have been found in the case of the catalyzed hydrolysisn§s are in general good agreement with the mechanism pro-
formamide [34-36] in which a second water molecule plap§sed by Matthews, but they show that some postulated glo-
the role of a proton relay. al steps require a further a}naIyS|s which is difficult to per-
From an energetic point of view, the most striking featuf@'m on the basis of experimental results only, when they
is the strong positive variation of the classical quantum intéRMe out quite clearly from the calculations. In addition, the
action energy beteen 13 andTS3. It is clear from Table 2 Structures found for the transition states are very important
that, again, the role of His-231 is crucial in this interactiodata. For instance, they can be directly used for the design of
By analyzing the interatomic distances it appears that in gpecific inhibitors that mimic these transﬂmrtela"lh.ls study _
the Q oxygen atom of the substrate is hydrogen bonded wiltows that they can be used to propose a realistic mechanism
He of His-231 (2.3 A) and that Ns strongly interacting with when there are not enough experimental data to anclude or
this hydrogen (3.0 A) especially if one takes into account tifeperform a series of fast, cheap computer experiments in
fact that the lone pair of this nitrogen atom is pointing t@rder to select the best experimental strategy in studying re-
wards H. In TS3, the QHe distance does not vary signifi-action mechanisms. '.I'herefore., modeling reactions by means
cantly but the N-He distance increases (4.0 A) and the nitr@ QW/MM methods is becoming a very important tool for
gen atom has undergone an inversion. It is highly probabig@chemists.
that a full optimization of the whole enzyme-substrate struc-
ture would lower the energy of TS3 and, subsequently of heknowledgementsThe authors thank Pr. B.P. Roques
following stationary points. (l_J266 INSERM, URA D1500 CNRS) and the members.of
The strong energy decrease beswTS4 and 15 (-45 his metalloproteages research group as well as Dr. B. Maigret
kcal-mofY) is in favor of a non-reversible reaction and th&r fruitful discussions. We acknowledge the support of the
important processes in the overall reaction kinetics oc&@ntre Charles Hermite in Nancy for the provision of com-
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