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Abstract: We present a combination of two techniqu&€dM/MM statistical simulation methods and QM/

MM internal energy minimizationsto get a deeper insight into the reaction catalyzed by the enzyme chorismate
mutase. Structures, internal energies and free energies, taken from the paths of the reaction in solution and in
the enzyme have been analyzed in order to estimate the relative importance of the reorganization and
preorganization effects. The results we obtain for this reaction are in good agreement with experiment and
show that chorismate mutase achieves its catalytic efficiency in two ways; first, it preferentially binds the
active conformer of the substrate and, second, it reduces the free energy of activation for the reaction relative
to that in solution by providing an environment which stabilizes the transition state.

The complexity of enzyme reactions makes the modeling of path in both directions from these structures, thus obtaining a
these huge systems extremely difficult. As a result, over the minimum energy path, and then to use this information to help
years, a variety of computational techniques have been appliedwith the determination of the reaction free energies using
and several working hypotheses have been proposed to explairmolecular dynamics simulation techniq€sto find the saddle
the selectivity and the efficiency of enzyme reactions as points and IRCs we employ a recently developed methodology
compared to the corresponding reactions in solution. Thus, for that was designed for use with fully flexible hybrid quantum
example, computational studies by Warshel et-&lhave mechanical and molecular mechanical (QM/MM) potentials and
emphasized the idea that the enzyme lowers the free energy othat is suitable for use on systems, such as enzymes, that contain
activation for the formation of the transition state (TS) from a large number of degrees of freed®@f course, as has been
the Michaelis complex by providing an environment in which pointed out many times (see, for example, refs 8b and 9), a
stabilizing dipoles in the enzyme are preoriented in the Michaelis myriad of saddle points exist with very similar solute/substrate
complex toward those that are appropriate to the TS structure.properties differing mainly in the conformation of the solvent/
This reduces the free energy barrier because the reorganizatiorenzyme. Nevertheless, we feel that the identification of even a
of the environment is much less expensive in the enzyme thansmall number of pathways obtained in the presence of the
in solution. In contrast, Kollman et 4k have highlighted the protein environment (and not in the gas phase) can provide
importance of preorganization effects in which the substrate useful information and can act as good starting points for the
binds to the enzyme in a configuration that undergoes reaction subsequent free-energy calculations.
more readily. These phenomena are not exclusive and rate- The reaction that we study here is that catalyzed by the
constant enhancements can come from both these effectsenzyme chorismate mutase. We have analyzed the structures
reorganization and preorganization, as well as from others.  and their energies taken from the paths of the reaction in solution

Theoretical insights into enzyme catalysis require both and in the enzyme and have estimated the relative importance
quantum chemical and statistical thermodynamical approaches of the reorganization and preorganization effects of the enzyme
and in this paper we employ a combination of both types of that were investigated by Warshel efat.and by Kollman et
techniques. Our strategy has been to identify saddle pointal4>
structures, to compute the intrinsic reaction coordinate (IRC)  The conversion of{)-chorismate to prephenate catalyzed
by chorismate mutas&is shown in Scheme 1. Extensive
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recent literature (see, for example, ref 11 and references thereino the resulting 488 MM water molecules to maintain its
but to our knowledge no free-energy calculations have yet beenstructure at the edges of the system. For the QM/MM enzyme
reported. From a computational point of view, as we intend to calculations the structure of the chorismate mutase enzyme was
use a QM/MM hybrid method to model the process, the obtained fronBacillus subtilis(BsCM) in the Protein Data Bank
chorismate mutase system has the advantage that the enzym@DB)22 In these calculations the quantum subsystem was the
does not take part chemically in the reaction and thus no enzymechorismate, while the enzyme trimer plus crystallization and
atoms have to be included in the QM region. As well as reducing solvation water molecules formed the MM subsystem (5573
the size of the QM region, this has the advantage that there areenzyme atoms plus 224 nonrigid TIP3P water molecules).
no covalent bonds between the QM and the MM regions. During the enzyme optimizations the QM atoms and the MM
Although novel and promising methods have been developedatoms lying in a sphere of 18 A of radius centered on the QM
to treat such bond,their absence at the frontier of the QM system were allowed to move (a total of 3349 atoms). QM/
and MM regions certainly simplifies the construction of the MM stationary-point location and characterization were guided
model systemt® Another advantage of the chorismate mutase- by means of the GRACE program which uses a Newton
catalyzed reaction is that it has an observable noncatalyzedRaphson algorithm with a Hessian matrix of size 72. The IRC
solution counterpalt®>which makes comparisons between the reaction paths were traced down to reactant (R) and product
reaction in solution and in the presence of the protein environ- (P) valleys from the saddle points as described in a previous
ment possible. papers® followed by an optimization of the full system.
Calculations in gas phase were carried out with the GAUSS-  Once the potential energy profiles were obtained in the gas
IAN94 package of programi%at the AM1” semiempirical level phase and in the condensed phase (both aqueous and enzymatic
and with the B3LYP® method, based on density functional media), the potentials of mean force (PNfRyere calculated
theory, using the standard 6-31G* basis set. QM/MM calcula- using the umbrella-sampling appro&thimplemented in the
tions in condensed phase were carried out using the AM1/ Dynamo program® The solution-phase system was a cubic box
CHARMM24b2'9 and GRACE programs. The reacting system of side 28 A containing the solute and 711 water molecules,
in solution was the chorismate structure (24 QM atoms) placed whereas the enzymatic system consisted of a cubic box of side
in a cavity deleted from a 15 A radius sphere of water molecules 57 A with the enzyme and 3835 water molecules (17183 atoms
described by the TIP3Pempirical potential. As the full system in total). Periodic boundary conditions were used in both cases.
was allowed to move, a solvent boundary potefitizhs applied The starting geometries were the saddle point structures
previously located in the three different environments, while
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Table 1. Breaking Bond Distanced¢—o in A), Forming Bond Table 3. Er, AE", AEqw, AEn, AEuv in Water Environment and
Distance @c—c in A), and the Angle Describing the Orientation of Enzyme Active Site*
the Hydroxyl Group with Respect to the Ringod in Degrees)

Obtained for R and TS in Aqueous Solution and in the Enzymatic Er AE* AEqu’ ABint ABum
Environment by Means of AM1/CHARMM/GRACE aqueous solution
) R —6411.3 0.0 0.0 0.0 0.0
aqueous solution enzyme TS  —6367.2 441 36.4 2.4 53
R TS R TS ®4.90 37.43 2.6 14.97
deo 1.447(1.445) 1.874(1.775] 1.443(1.453] 1.869[1.944] enzyme
de-c  3.20903.7497 2.149(2.093] 3.425(3.0471 2.116(2.181] R —3547.9 0.0 0.0 0.0 0.0
¢on 125.8172.81 122.6[296.3] 144.0187.70 151.1171.5] TS —3512.2 35.7 38.3 —25 —0.1

a Average values, obtained with Dynamo QM/MM statistical calcula- (28.2 (41.6] G-17.8] (4.40

tions, are listed in brackets. 3 Er = total energies of corresponding QM/MM optimized structures.
AE* = barrier energyAEqv*= in vacuo quantum single point energy
using the solute/substrate structures optimized in the QM/MM calcula-
. LV - tions. AE,; = solvent-solute or enzymesubstrate interaction energy.
Programs, Respectively, Corrected Activation Free Energies AEwm = solvent-solvent or enzymeenzyme interaction energy. All
(AG'cr=AG" — (AE B3LYP—vacuo AEam1-vacud), and Experimental values, in kcal molt, are relative to reactants. Average values, obtained
Activation Free EnergiesAG'exy) with Dynamo QM/MM statistical calculations, are listed in brackets.

AE* AG* AG*corr AGFeyp

Table 2. Activation Energies AE* and Activation Free Energies
(AG¥) Obtained by Means of the CHARMM/GRACE and Dynamo

computed by means of the B3LYP/6-31G* density functional

in vacuo 52.7 48.9 40.2 method AE¥ = 44.0 kcaimol~1) and the AM1 semiempirical
aqueous solution 441 380 29.3 4.5 one (AE* = 52.7 kcaimol~2). The resulting corrected values,
enzyme environment  35.7 293 206 »4 AG¥.on, are listed in Table 2. As expected, these values are
2 All values are in kcal mot*. * From Andrews, P. R.; Smith, G.  significantly closer to the experimental data.

D.; Young, |. G.Biochemistryl973 12, 3492-3498.° From Kast, P.; The comparison of average and optimized geometrical values

Asif-Ullah, M.; Hilvert, D. Tetrahedron Lett1996 37, 2691-2694. listed in Table 1 confirms the fact that the OHout conformer

. . ) obtained from the minimizations is representative of the families
reaction path leading to prephenate through two different TSs yptained by the statistical calculations. Thus, we carried out an

(TSouin and TSrou) have been studiell® These structures  gnasis of the different energy terms of the unique R and TS

mainly differ in the orientation of the hydroxyl group with mqjecyles obtained from the AM1/CHARMM/GRACE internal
respect to the ring. As the OHout conformation has been gnergy optimizations. The total QM/MM activation energies

demonstrated to be the energetically favorable préfi@ur obtained in aqueous solution or in the presence of the enzyme
molecular dynamics trajectories were obtained starting from the o ,\ironment can be written as the following sum:

TSonout cONformational structure. Nevertheless, analysis of the
angle describing the relative orientation of the OH grapgy, AEf = AEQM + AE
obtained from the aqueous medium trajectories reveals values
ranging between OK and Ohbyr, the latter being the most ~ WhereAEquy is the in vacuo AM1 single point energy calculation
populated structure. This result can be interpreted as being dugelative to R using the solute/substrate structures obtained in
to an in—out conformational change of the hydroxyl group in the QM/MM calculations, AE;; is the solventsolute or
aqueous solution with a small energy barrier. Probably due to €nzyme-substrate interaction energy relative to R, afm
steric interactions with the protein, this effect was not observed is the MM energy relative to R structure. From tidEqu
in the enzyme environment, where the @hlconformationwas ~ column of Table 3, it is clear that the TS relative energy is
maintained during the full trajectory. The breaking and forming slightly more favorable in the water environment than in the
bond distances obtained from the QM/MM internal energy €nzyme active site. Consequently, the catalytic character of the
minimizations, as well as theoy dihedral angle are listed in ~ €nzyme comes from the favorable enzynsebstrate interaction
Table 1. Average values obtained from the QM/MM trajectories energy term (see th&Ej,: column) and the smaller energy of
are also presented in the same table. The distances rendered bgeformation for the enzyme on going from R to TS (see the
the internal energy optimizations are quite similar to the average AEwm column). From these results we conclude that the enzyme
values. On the other hand, the orientation of the OH group preferentially interacts with the TS structure, while the solvent
appears to be much more flexible, particularly in solution. interacts more strongly with the R structures of the solute,
The activation energiesAE*, listed in Table 2 are in favoring the enzyme reaction by4.9 kcatmol™. Furthermore,
agreement with the expected catalytic effect of the water the reorganization of the environment is much less expensive
molecules and thBacillus subtilisenzyme compared with the  in the enzyme than in solution by~5.4 kcatmol™*. At this
reaction in gas phase. When the statistical contributions are takerPoint of the discussion, it is important to emphasize that the
into account, the activation barrieG*, calculated as the  previous analysis comes from unique structures (i.e., local
maximumG value found along the reaction paollows the minima) and it is possible that allowing the water to reorient
same trend; that is, the chorismate to prephenate rearrangemerfiuring dynamics could reduce the sumAdEi and AEvw for
1S fa§ter ”.1 ar? e.n_zymat'c envwonm.ent t_han n aqueo{ls Solllftlon' (28) Making the free energy of activation equivalent to the PMF barrier
At this point, it is important to bear in mind that a semiempirical height along a selected distinguished reaction coordinate is an assumption
Hamiltonian has been used to describe the quantum region inthat is made routinel_y in applications_of ste_mdard transition state_theory
all QM/MM calculations. As a qualitative attempt to correct \(/?r]e'efggst)é?g{m\e/;/. FF'.e"dw'Z'ihg'r,mF?eKS."T/\‘ji'ﬁ‘(ti'r?snogf ih%T'Eﬂsfegg%’;jter
this possible source of error, we have evaluated a correction simulation of Biomolecular Systems: Theoretical and Experimental Ap-

term as the subtraction between the in vacuo activation energyplications, Vol 2; ESCOM: Leiden, The Netherlands, 1993; pp-823
and references therein). More refined estimates of the activation energy

+ AEyum

int

(27) (a) Marty S.; Andres, J.; Moliner, V.; Silla, E.; Ttan, |.; Bertran, necessitate the inclusion of dynamical effects although these often have
J. Theor. Chem. Acc.2001, 105, 207-212. (b) Mart) S.; Andres, J.; only a small (energetic) influence on the values obtained (see, for
Moliner, V.; Silla, E.; Tuion, I.; Bertran, J.J. Phys. Chem200Q 104 example: Alhambra, C.; Gao, J.; Corchado, J. C.; Villa, J.; Truhlar, D. G.

11308-11315. J. Am. Chem. S0d.999 121, 2253-2258).
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the solution case. To gain insight into this point, we computed stable pseudodiaxial and pseudodiequatorial conformers), dis-
the average values of these contributions from the QM/MM placing the equilibrium toward the reactive chorismate con-
molecular dynamics trajectories obtained with Dynamo. Ap- former27® One of the reasons for this stabilization is the rather
plying a harmonic constraint to the antisymmetric combination small enzyme deformation that is required which can be
of dc—c—dc-o distances, as used in the PMF calculations, one interpreted as being due to a preorganization of the enzyme
hundred conformations were generated for the TS and R favoring this complex. Furthermore, a deformation of the R
structures. The average values of the different energetic termsstructure toward the TS can be deduced from the average values
are listed in brackets in Table 3. These results, although theyappearing in Table 1. While thad_. distance of the minimum
have to be considered as approximate, indicate that ourenergy R structures is larger in the enzyme than in aqueous
hypothesis, deduced from single stationary point structures of solution, the average value is substantially shorter in the former.
a potential energy hypersurfase, can be extrapolated to otherThis result can be interpreted as the enzyme pushing the
conformers. substrate toward the TS of the reaction to be catalyzed.

_ Finally, to ir_lvestigate thg preo_rganization effect of the enzyme  Tne results we obtain for this reaction show that both
in the formation of the Michaelis complex, we have analyzed yeqrganization and preorganization effects are important in
the _equmbrlum between _the pseudodiequatorial ar_1d pseUdo'helping chorismate mutase achieve its catalytic activitus,
diaxial conformers of chorismate (see Schem&1@bviously, the enzyme preferentially binds the reactive pseudodiaxial
the Michaelis complex corresponds to the pseudodiaxial Struc- ¢ontormer of chorismate, and second, it reduces the free energy
ture. In gas phase, the equilibrium is completely displaced t0 ot 4ctivation for the reaction relative to that in solution by

the pseudodiequatorial one, whereas Copley and Knowles, q.iding an environment which preferentially stabilizes the
observed a rather small free energy change for this equilibrium o \«ition state

in water (1.2 kcaimol™),2° which leads to an increase in the
population of the diaxial structure in solution. Using QM/MM
conformational searching minimization techniques, we found
that this latter structure, that is, the one that is found in the
Michaelis complex, is much more stable than the pseudodiequa-
torial one in the protein environment (an internal energy
difference of 71.7 kcaiol~! was obtained between the most

(29) Copley, S. D.; Knowles J. R. Am. Chem. S0d.987, 109, 5008~
5013.
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