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Abstract: In this work we present a detailed analysis of the activation free energies and averaged interactions
for the Claisen and Cope rearrangements of chorismate and carbachorismate catalyzed by Bacillus subtilis
chorismate mutase (BsCM) using quantum mechanics/molecular mechanics (QM/MM) simulation methods.
In gas phase, both reactions are described as concerted processes, with the activation free energy for
carbachorismate being about 10—15 kcal mol™ larger than for chorismate, at the AM1 and B3LYP/6-31G*
levels. Aqueous solution and BsCM active site environments reduce the free energy barriers for both
reactions, due to the fact that in these media the two carboxylate groups can be approached more easily
than in the gas phase. The enzyme specifically reduces the activation free energy of the Claisen
rearrangement about 3 kcal mol~* more than that for the Cope reaction. This result is due to a larger
transition state stabilization associated to the formation of a hydrogen bond between Arg90 and the ether
oxygen. When this oxygen atom is changed by a methylene group, the interaction is lost and Arg90 moves
inside the active site establishing stronger interactions with one of the carboxylate groups. This fact yields
a more intense rearrangement of the substrate structure. Comparing two reactions in the same enzyme,
we have been able to obtain conclusions about the relative magnitude of the substrate preorganization
and transition state stabilization effects. Transition state stabilization seems to be the dominant effect in
this case.

1. Introduction the chairlike transition state (TS) leading to prephenate can be
reached in a single step. In the enzyme, the active site keeps

Chorismate mutases catalyze the pericyclic Claisen rear- the flexible substrate into its reactive conformatiof® The

rangement of chorismate to prephenate, an important step inyeqtign step seems to be favored by means of electrostatic

the biosynthesis of aromatic amino acids.aqueous solution, jy0ractiond In this sense, a positively charged arginine residue
this reaction proceeds in a single concerted step preceded by 3Arg90) is thought to play a decisive role in stabilizing the
conformational equilibrium among nonreactive and reactive reaction transition structufé:-13

chorismate structures (see Scheme 1). The reactive conformer Chorismate mutases are thus an excellent example to analyze
presents the ring substituents into a pseudodiaxial disposition,and quantify two different aspects which are expected to
while the one having a pseudodiequatorial arrengement is thecontribute to enzymatic efficiency: (i) the constraint effect on

most stable in agueous solutiért. From the former conformer, the reactants, restraining flexible molecules into a conformation
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X =0 Claisen rearrangement of chorismate to prephenate.
X = CH; Cope rearrangement of carbachorismate to carbaprephenate.

closer to the transition structutgél416 here named as the ylene group, and if they were expected to bind BsCM in a
substrate preorganization effect and (ii) the preferential elec- similar orientation to that of chorismate and prephenate, this
trostatic stabilization of the transition structure with respect to new methylene group would be juxtaposed with Arg90. To
the same process in solutibfwhich is accompanied by a minor  isolate this destabilizing factor, Hilvert et al. also tested the
change in the environment as the reaction proceeds and, foractivity of R90G and R90A variants of BsSCM and the catalytic
this reason, is also known as the reorganization effect. Many antibody 1F7, which lacks Arg90. No significant catalytic
theoretical studies have been recently devoted to the debateactivity was found in any case, concluding that an active site
about the prevalence of substrate preorganization or transitionwhich is designed to constrain the substrate in the reactive
state stabilization in enzyme cataly$¥$72° We recently conformation (this is, presenting preorganization effect) but

presented a theoretical study of these two aspecBarillus lacking specific electrostatic interactions (reorganization effect)
subtilischorismate mutase (BsCM), showing that they are related is not enough to overcome the energy barrier of the Cope
factors having a common origin in the enzyme strucfurée rearrangement.

active site is designed to stabilize electrostatically the transition In this work, we present a comparative analysis of both
state relative to the ground state, and as a consequence, it alsprocesses in BsCM: the Claisen rearrangement of chorismate
favors those reactant structures which are more similar to theto prephenate and the Cope rearrangement of carbachorismate
TS of the catalyzed reaction, the reactive reactants. To accom-to carbaprephenate. The activation free energy, specific interac-
modate reactant structures differing from the transition structure, tions, and constraint of reactant structures are here presented
the enzyme should be deformed, resulting in an energy penalty.for the Cope process and compared with the results of the

A new experiment has been recently carried out by Hilvert Claisen reaction. The role of the enzyme is analyzed in terms
et al?! to investigate these aspects of enzyme catalysis in of the key interactions established with the substrates in the
chorismate mutases. They studied the Cope rearrangement oMichaelis Complex and TS of both reactions. Therefore, we
carbachorismate to carbaprephenate (see Scheme 1) and testedn rationalize the relative efficiency of the enzyme in terms
the catalytic activity of BSCM against this reaction. In the carba of preorganization of the substrate and/or reorganization of the
analogues, the ether oxygen is substituted by an apolar methenzyme.
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to free energies have been obtained using standard formulas
In the case of semiempirical calculations, it must be taken into
account that some terms can be then doubly counted. To

Table 1. Distances of Transition Structures and Activation and
Reaction Energies for the Claisen (X = O) and Cope (X = C)
Rearrangements in Gas Phase at the AM1 and B3LYP/6-31G*
Levels?

compare similar quantities in different media, the activation and
reaction free energies are calculated from the reactant and
product states directly obtained from reaction path following a

start at the transition state.

To study the Claisen and Cope rearrangements in solution
and in the enzyme active site, we used the quantum mechanics
molecular mechanics (QM/MM) approach. In this methodology

chorismate carbachorismate
B3LYP/6-31G* AM1 B3LYP/6-31G* AM1
des x7 2.275 1.854 2.306 2.115
dci,cia 2.719 2.164 2.254 2121
AE* 44.1 52.7 57.8 63.5
| AGH 41.1 52.1 55.9 62.8
AG; 2.7 —7.9 14.4 20.9

only, a small part of the system (typically those atoms directly
involved in the bond breaking/forming process) is described at
a QM level, while for the rest a MM energy function is used.
This methodology was already reported in 1976, and since then,
it has been successfully employed to study many chemical
reactions in solution and in enzym#ss33

QM/MM potential energy surface (PES) exploration of the

aBond distances in A and energies in kcal mol

semiempirical MO method, while the rest of the system, enzyme
environment, and/or water molecules were described using the
OPLS® and TIP3PC potential. The definition of the distin-
guished internal coordinate used to build the PMF was based
on the data obtained in the PES explorafibrs could be

enzymatic and aqueous solution rearrangements has been carriegkpected, the best choice was the antisymmetric combinations

out using Charmm?2482 and Gracé programs. A putative

of the distances describing the breaking and the forming bonds,

transition structure for the carbachorismate rearrangement wag-€., dc1,c14-dcs x7 (see Scheme 1). To obtain some representa-

obtained from a modified transition structure for the chorismate
rearrangement at the BsCM active siten both cases, the
reacting system has been described by means of the AM1
semiempirical MO method (24 atoms for the chorismate and
26 atoms for the carbachorismate). The transition structure is
located and characterized defining a reduced Hessian matrix in
which all the coordinates of the QM subsystem are explicitly
included.

Exploration of the PES around the TS region provides an
adequate starting point for molecular simulations, ensuring that
the enzyme-substrate complex is in an active form, that is,
ready for the reaction. The potentials of mean force for both
rearrangements have been traced along the reaction path, usin
the Umbrella Sampling approach and the weighted histogram
analysis method as implemented in the Dynamo prografn.
The reacting system is also described by means of the AM1

(24) 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.; Baboul, A. G.; 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.; Chen, W.; Wong, M. W.; Andres, J. L,;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, GAUSSIAN
98, revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.

(25) Schlegel, H. BJ. Comput. Chenil982 3, 214-218.

(26) Warshel, A.; Levitt, MJ. Mol. Biol. 1976 103 227-249.

(27) Field, M. J.; Bash, P. A.; Karplus, M. Comput. Cheml99Q 6, 700—
733.

(28) Thay, V.; Rinaldi, D.; Rivail, J. L.; Maigret, B.; Ferenczy, G. G.Comput.
Chem.1994 15, 269-282.

(29) Turon, I.; Millot, C.; Martins-Costa, M. T. C.; Ruiz-Ljgez, M. F.J. Chem.
Phys.1997 106, 3633-3642.

(30) Kollman, P. A.; Kuhn, B.; Donini, O.; Péwla, M.; Stanton, R.; Bakowies,
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(33) Gao, JAcc. Chem. Red.996 29, 298-305.

(34) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,
S.; Karplus, M.J. Comput. Chen1983 4, 187-217.

(35) (a) Moliner, V.; Turner, A. J.; Williams, I. Hl. Chem. Soc., Chem. Comun.
1997, 1271-1272. (b) Turner, A. J.; Moliner, V.; Williams, I. Hl. Phys.
Chem. Chem. Phy4999 1, 1323-1331.

(36) Marfy, S.; Andres, J.; Moliner, V.; Silla, E.; TGan, I.; Bertran, J. Theor.
Chem. Acc200], 105 207-212.

(37) (a) Kumar, S.; Bouzida, D.; Swendsen, R. H.; Koliman, P. A.; Rosenberg,
J. M.J. Comput. Chen1992 13, 1011-1021. (b) Roux, BComput. Phys.
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tive averaged properties, additional QM/MM dynamical simula-
tions in the enzyme and in aqueous solution were performed at
the maximum and the reactant minimum of the PMFs. All the
simulations were carried out using the NVT ensemble at a
temperature of 300 K with periodic boundary conditions. A
smoothed cutoff radius of 13.5 A was employed.

3. Results

Potentials of Mean Force Chorismate and carbachorismate
rearrangements take place in a single reaction step through a
cyclic transition structure, as shown in Scheme 1. The relative
position of the hydroxyl group with respect to the ring
ietermines two possible reaction pathsiere, we restrict to

e outward orientation which is the preferred one in the BsCM
active site®® Distances of the G5X7 broken bond and the new
C1-C14 bond in the gas-phase transition structure, together
with their corresponding energy and free energy barriers, are
given at the AM1 and B3LYP/6-31G* levels in Table 1. At
both levels, chorismate rearrangement is described as a concerted
but asynchronous process, in which-X cleavage is more
advanced than €C bond formation in the transition structure.
For carbachorismate, a more synchronous transition structure
is obtained. The free energy barriers associated to the chorismate
rearrangement are 10.7 and 14.8 kcal/mol lower than those for
carbachorismate at the AM1 and B3LYP/6-31G* levels, re-
spectively. Thus, the Cope reaction has a much larger intrinsic
activation free energy. This is related to the fact that the
carbachorismate rearrangement is much more endothermic than
that for chorismate. In both cases, AM1 calculations show a
clear trend to overestimate the energy barriers with respect to
density functional calculations. We will correct this error in our
AM1/MM simulations.

Activation free energies and averaged-€114 and C5 X7
bond distances of the transition structures for chorismate and

(38) (a) Field, M. J.; Albe, M.; Bret, C.; Proust-de Martin, F.; ThomasJA.
Comput. Chem200Q 21, 1088-1100. (b) Field, M. J.A practical
introduction to the simulation of molecular systeif@ambridge University
Press: Cambridge, 1999.

(39) (a) Jorgensen, W. L.; Tirado-Rives,JJAm. Chem. So4988 110, 1657~
166. (b) Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives).JAm. Chem.
Soc.1996 118 11225-11236.

(40) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein,
M. L. J. Chem. Phys1983 79, 926-935.
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Table 2. Averaged Distances of Transition Structures and Free
Energy Barriers for the Claisen (X = O) and Cope (X = C)
Rearrangements in BsCM Obtained by Means of the AM1/MM
Calculations?

chorismate carbachorismate
aq aq
solution BsCM solution BsCM
(s x70 1.83 1.78 1.70 1.87
(dcycad] 2.14 2.10 1.74 1.90
AG* 37.9 29.3 48.6 43.0
AG¥eorr 26.9 18.3 41.7 36.1

aBond distances in A and energies in kcal MolCorrected free energies
are based on gas-phase free energy calculations.

Table 3. Differences in the Activation Free Energies (kcal mol™?1)
Obtained in Gas Phase, Aqueous Solution, and the Enzyme
Barriers for the Claisen and Cope Rearrangements in BsCM

chorismate carbachorismate
AG} — AG;, 14.2 14.2
AG} — AG{ 228 198
AG,, — AG} 8.6 5.6

PMF (Kcal/mol)

R.C. (Angstroms)

Figure 1. Potentials of mean force for the Claisen (bold line) and Cope
(normal line) rearrangements in BsCM.

or are compensated, in the case of carbachorismate, by a more

effective screening of the intramolecular electrostatic repulsion.
Potentials of mean force for the Claisen and Cope enzymatic

reactions are presented in Figure 1. Using the hybrid AM1/

OPLS calculations, the activation free energies for the choris-
pnate to prephenate and carbachorismate to carbaprephenate
are given in Table 2. From the geometrical point of view, these rearrangeme_nts in BsCM are _estimated to be 29.3 and 43.0 kcal/
transition structures keep the same features rather than in gasmM0l respectively. If we take into account the error due to the
aSemiempirical treatment of the quantum subsystem, our best
@stimation of the activation free energy®*.,.,) for the Claisen
and Cope rearrangements in BsCM would be 18.3 and 36.1 kcal/
mol, respectively (Table 2). The former value is in reasonable
8greement with the experimental data (15.4 kcal/rffolhese
results mean that the enzyme diminishes the energy barriers
for both rearrangements, chorismate to prephenate and carba-
chorismate to carbaprephenate. However, in contrast to the water
solution, the enzyme is more efficient catalyzing the Claisen
process. The free energy barrier for the Cope rearrangement in
the active site of BSCM is reduced by 19.8 kcal/mol (at the
AM1 level) with respect to the gas-phase value, while for the
free energies are 14.2 kcal/mol lower in solution than those innCIaisen process the reductiqn amounts up to 22.8 kcal/mpl._With
gas phase for both re;':lctionS' see Table 3. This means that, withi respect o the aqueous solution processes, the enzyme d|m||_'1|shes
the computational errors Wz;ter solvation. has the same cétalytic?he free energy barriers by 8.6 and 5.6 kcal/mol for the Claisen

P ’ and Cope reactions, respectively (see Table 3). Thus, BsCM is

sffe_ct tf_o r both prolce?_ses.t V:/he ?ttrthL;]tet :E'S tenergy kz.arrller more efficient catalyzing the Claisen reaction than the Cope
iminution upon solvation to inhe fact that the two negatively by 3.0 kcal/mol. The difference in the free energy barriers

cha_rged carpoxylate groups could be now app_roached_mor_eof both rearrangements is then larger in the enzyme active site

e B o e e e e e gas phase orn agueous olton.

carboxylate groupé (measured from carbon to carbon) diminishes To_analyze this specific effect of BS.CM on the Clalser_m
reaction, we can express the enzymatic free energy barrier

from approximatel 6 A in the reactants to abas A in the P ) :
transition structures for both cases. This would mean a cIassicaI(AGe) using a simple thermodynamic cycle as

electrostatic contribution to the energy barrier of about 10 kcal/
mol. Of course, the chorismate molecule can also form hydrogen
bonds through the ether oxygen atom (O7), while the methylene
group of carbachorismate cannot. In fact, the averaged atomic
charge of O7 is slightly increased, in absolute value, when
passing from the reactant state((.26 au) to the transition state
(—0.33 au) in water, similarly to other Claisen rearrangenténts.
However, it seems that these additional interactions do not
contribute in a decisive way to reduce the free energy barrier

carbachorismate rearrangements in aqueous solution and BsC

smaller distances than in gas phase. However, from the energeti
point of view, large differences are found.

In aqueous solution, the AM1/TIP3P activation free energies
for the chorismate and carbachorismate rearrangements are 37.
and 48.6 kcal/mol, respectively. By comparison of the AM1
and B3LYP/6-31G* free energy barriers in gas phase, we can
expect an error of about 11.0 and 6.9 kcal/mol for the
semiempirical Hamiltonian for the Claisen and Cope reactions.
If we take into account this error, we can estimate the activation
free energiesAG*.orm) to be about 26.9 and 41.7 kcal/mol for
the Claisen and Cope processes in solution. Thus, the activatio

AG} = AG}, + [AGgy4 — AGgdl 1)

WhereAfoV is the activation free energy in aqueous solution
and AGy,, stands for the binding free energy of the X state
(reactants or transition state) from the aqueous solution. The
last two terms in the right-hand side of eq AGL>, and
AGE, ) are negative by as far as the free energy barrier is
lower in the enzyme than in solutio\GL, 4 > |AGq4l-
Using eq 1 for Claisen (O) and Cope (C) rearrangements and

taking into account that the difference in the enzyme free energy

(41) (a) Storer, J. W.; Giesen, D. J.; Hawkins, G. D.; Lynch, G. C.; Cramer, C.
J.; Truhlar, D. G.; Liotard, D. AACS Symp. Sefl994 568 24—49. (b)

Davidson, M. M.; Hillier, I. H.; Hall, R. J.; Burton, N. AJ. Am. Chem.
So0c.1994 116, 9294-9297.
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barriers AG{ o — AG, ) is larger than in solutionAG,, , — A
Gy,0), We obtain the following inequality:

|AGE§1d,O - AGSind,d = |AG1E-Sﬁld,C - AGSind,C' (2)

That is, the preferential binding of the transition state with
respect to the reactant state is larger for chorismate than for
carbachorismate. We have then two different limiting cases as
possible origins of the larger catalytic activity of BsCM for the
chorismate rearrangement over the carbachorismate one:
(i) enhanced interactions in the Claisen transition state rel-

ative to the Cope onelAGgyqol > I1AGE, ) o (i) in the s S Aras3
Cope reactant state relative to the Claisen qm;@mdd > ~/ | " va173
|AGS,40)- The real situation may be intermediate between ‘X N
these extremes. o Cys7s -

We have studied these two possible sources of catalysis from \J/Eg’
a geometrical point of view, analyzing the substrat@zyme (a

interactions with the corresponding TS and/or a larger preor-
ganization effect on the chorismate molecule. P

interactions with the transition and the reactant states and also
the preorganization exerted by the enzyme in both reactants. Cyess
According to our previous analysis, the larger catalytic effect . Alas Tyr108
of BsCM on the Claisen reaction should be reflected in stronger \ >
[
Arglle

Enzyme—Substrate Interactions. We have compared the < !
specific substrate/active site interactions for the reactants and ' ’
transition states of the Claisen and Cope processes. Figure 2 4 « “ Arg7
displays some key residues of the active site with the transition
structures of both reactions. This picture shows the interaction .
pattern established between the substrate molecule and the Clu7s % val73
enzyme residues. With respect to the enzyme structure, it must X"
be noticed that Arg90 suffers an important displacement when an .
chorismate is substituted by carbachorismate, while the rest of Cys75 Alas9
the active site residues remain at very similar positions. (b

Figure 3 shows selected averaged distances .b_etween Subs’tratﬁgure 2. Details of the transition structures obtained for the (a) chorismate
and enzyme atoms for the reactants and transition states of th&o prephenate rearrangement and (b) carbachorismate to carbaprephenate
Claisen and Cope rearrangements. It is interesting to note thatrearrangement in the active site of BsCM. Some residues have not been
for both reactions, carboxylate oxygen atoms (016/017 for the Presented for clarity purposes.
ring carboxylate group and 012/013 for the side chain one) in gas phase. The intramolecular electrostatic repulsion is
establish strong interactions with arginine residues (Arg63, compensated by means of substratezyme interactions,
Arg116, Arg90, and Arg7). As it has been shoffrthe ring resulting in an important diminution of the energy barrier for
carboxylate group establishes less strong interactions with theboth reactions. Apart form the carboxylate oxygens, the hydroxyl
protein than the side chain one. These interactions can play arPxygen (O8) shows strengthened interactions with HG1 of
important role not only during the substrate binding but also CYs75 when passing from reactant to transition states for both
during the progress of the chemical rearrangement. Thus, while"eactions. Interestingly, it has been proposed that interactions
some of these Argcarboxylate interactions are weakened when between this group and the enzyme may contribute significantly
passing from reactants to transition states (see the averaged rate acceleration in the case®f coli chorismate mutasg.
distances between 016/17 and with HH11 of Arg116 and 012/ Although it cannot be deduced only from a distance analysis,
13 with HH22 of Arg7 and HH21 of Arg90), others are the global balance of electrostatic interactions between transition
strengthened (012/13 with HH11 of Arg7 and with HE of and reactant states is favorable to the former. We recently
Arg90). These results suggest that the arginine network in the estimated that the averaged electrostatic stabilization of the
active site would play an active role allowing the carboxylate Claisen transition state relative to the ground state in BsCM
groups to evolve according to the reaction progress. In the same2mounts up to 17.1 kcal/m@IThis value is not a proper free
direction, Tyr108 establishes a strong interaction with the €nergy because it was obtained as a difference between internal
carboxylate group of the side chain (012/013) only in the €nergies. More recently, analyzing particular reaction paths,
transition state, and thus it would contribute to diminishing the Mullholand et at'> found that the stabilization provided by the
energy barrier. The effect of this particular residue is discussed €Nzyme is maximum at the transition structure. Warshel €t al.
in more detail below. As a consequence of the hydrogen bond
network established in the BsCM active site, the two negatively . :
charged carboxylate groups can be approached more easily thaif4) 2awiak i-n'q-_-?gﬁg%'_”g%a%s'g?1'<1rf”3';53'734_%§§l"_3k381°2yk' R. A.; Berchtold,

(45) Ranaghan, K. E.; Ridder, L.; Szefczyk, B.; Sokalski, W. A.; Hermann, J.
(43) Mandal, A.; Hilvert, D.J. Am. Chem. So2003 125 5598-5599. C.; Mulholland, A. J.Mol. Phys.2003 101, 2696-2714.
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Figure 3. Selected interatomic averaged distances between the substrate and some of the residues of the enzyme for reactants (white bars) and TS (black
bars): (a) chorismate to prephenate rearrangement and (b) carbachorismate to carbaprephenate rearrangement.

012/13 - HH Tyr108

arrived to the same conclusion using linear response approxima+espect to the Cope one we can compare the interactions

tion calculations. established between reactants and transition states of the two
Our structural analysis of chorismate transition state interac- processes. Obviously, there is an important difference when

tions in the active site is in good agreement with the interactions comparing the Claisen and the Cope transition states: in the

reported for an endo-oxabicyclic transition state analdgie former process, the ether oxygen (O7) presents an interaction
can also compare our structural analysis with the results of with Arg90 that it is reinforced when passing from the reactant
mutagenesis studies of active site residues in BE€Mcording to the transition state. The averaged Mulliken charge of this

to these studies, Tyr108, Argl16, and Cys75 appear to contributeatom in the enzymatic environment increases, in absolute value,
similarly to the binding energy of substrate and transition state. from —0.25 to—0.36 au when passing from reactant to transition
Our findings seem to agree in the case of Argl16 but not for state, and simultaneously the averaged distance to HH21 of
Ty108 and Cys75, for which we found enhanced interactions Arg90 is reduced, increasing the electrostatic interaction. In
with the transition state. The role played by Tyr108 deserves agreement with this, in the aforementioned mutagenesis 4tudy,
some additional comments. In fact, we found direct hydrogen it was found that Arg90 stabilizes the transition state charge
bonding between Tyr108 and the carboxylate group of the side distribution. The key role played by this specific interaction was
chain (012/013) in some minimized structures belonging to already pointed out in the structural analysis of Lipscomb et
the reactant stafewhile Mullholand et a®localized a transition  al.*” and it has been also recently evidenced by means of the
structure in which this hydrogen bond was lost. In our molecular substitution of this residue by citrulline, an isosteric but neutral
dynamic simulations of the reactant state, we have observedArginine analogué? Finally, Mullholand et al® found that the
that, starting from slightly different initial conditions, the Tyrl08 maximum contribution of individual residues to the electrostatic
hydroxyl group can establish a hydrogen bond either with the stabilization of the transition structure relative to the reactants
side chain carboxylate group of the substrate or with a water was provided by Arg90 (about-34 kcal mol1). Of course,
molecule (as found in ref 45) or even with other neighboring this hydrogen bond is not present in the Cope rearrangement
residues. Thus, it must be taken into account that an analysisas far as the oxygen atom is substituted by an apolardZélip
based only in distances may be insufficient to quantify the effect (with an averaged Mulliken charge of 0.11 au in the transition
of a particular residue on the binding energies and, on the otherstate). This interaction would then be responsible, at least
hand, mutagenesis of a particular residue can imply more partially, for the enhanced catalytic activity of BSCM with
changes than expected in the structure of the active site. chorismate rearrangement as compared to carbachorismate by
The previous analysis would explain the reduction of the free means of an overstabilization of the Claisen transition state with
energy barriers in both processes. To clarify the origin of the respect to the Cope oneAGHq ol > [AGgsq ). The differ-
extra energy barrier reduction in the Claisen rearrangement withence with the reaction in water is that in the enzyme the
: : hydrogen bond is established with a positively charged residue,
(46) 135?1%2'\%_?8%% A; Kato, M.; Warshel, Al Am. Chem. S0@003 resulting in a stronger interaction as reflected by the larger

(47) Chook, Y. M.; Ke, H.; Lipscomb, W. NProc. Natl. Acad. Sci. U.S.A.  polarization of O7 in the enzyme than in water.
1993 90, 8600-8603.

(48) Cload, S. T.; Liu, D. R.; Pastor, R. M.; Schultz, P.J3Am. Chem. Soc.
1996 118 1787-1788. (49) Kienfider, A.; Hilvert, D. J. Am. Chem. So@003 125, 3206-3207.
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Figure 4. QM/MM trajectories (C+C14 distance in A and X7CCO8 dihedral angle in deg) corresponding to reactant conformers in aqueous solution
(white), reactant conformers in the enzyme (gray), and transition structures (black) of the (a) chorismate to prephenate rearrangementahdr{binzeed
to carbaprephenate rearrangement. Superposition of reactants trajectories obtained in both media is displayed in light gray.

Substrate Preorganization.Once analyzed we the specific by Warshel et al. to describe the reduction of the enzyme
electrostatic interactions established in the BSCM active site, reorganization energdf.A consensus has still not been reached
we also investigated the ability of this enzyme to constrain the about the terminology, and this substrate preorganization effect
substrate molecule in a reactive conformation for both reactions, is also termed in the literature as the steric restraint éffeat
here called the_ substrate preorganizati_on _effect. This _should not 50) () Warshel, AProc. Natl. Acad. Sci. U.S.A978 75, 5250-5254. (b)
be confused with the enzyme preorganization concept introduced ° Warshel, A.J. Biol. Chem 1998 273 27035-27038.
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near attack conformation (NAC) effettAs pointed out above,  group are slightly shorter for the carbachorismate analogue; see
destabilization of the Claisen reactant state with respect to theFigure 3). These enhanced interactions force a larger displace-
Cope one could be also invoked to explain the differential ment of the carboxylate group. The final results are that the
catalytic activity of BsCM on both reactions. X7C5C408 dihedral angle is smaller in carbachorismate than

We recently showed that chorismate conformers may be in chorismate, where the Arg90 residue is displaced outward
classified according to two different criteria: the distance from the active site, interacting with the ether oxygen atom.
between the carbon atoms to be bonded (the Cl4 distance) From the analysis of the reactants trajectories, it is evident
and the pseudodiaxial/pseudodiequatorial disposition of the ring that BsCM restrains the carbachorismate molecule in a confor-
substituents (the X7C5C408 dihedral andgi&Dbviously, the mation close to its corresponding transition state more than it
chorismate reactive conformer is the most similar to the does with chorismate. That is, the preorganization effect is larger
transition structure: the one having smaller-@114 distances ~ for the Cope reaction. It is also interesting to compare these
and a pseudodiaxial disposition of the hydroxyl and the ether results with the predictions based in the near attack conformation
bridge (smaller X7C5C408 dihedral angles). In gas phase, the(NAC) concept?® recently applied to analyze the effect iBf
most stable chorismate conformers are the pseudodiequatoriaFoli chorismate mutas®:*® According to this, the main enzy-
forms, because they are the only ones able to establish anmatic effect is to favor some particular fluctuations of the
intramolecular hydrogen bond between the hydroxyl and the reactant's arrangements closer to the transition structure. This
side chain carboxylate grodpln aqueous solution, the Would lead to areduction in the activation free energy. However,

pseudodiequatorial/short distance conformer is the most stablevhat we have found is that the catalytic activity of BSCM is
one342 In the enzyme, if the active site interactions with the lower for carbachorismate than for chorismate by 3 kcalrhol
substrate carboxylate groups allow for an easier approach ofSO, to explain the larger catalytic effect found on the Claisen
these groups during the reaction, they must also favor thoseProcess, we need to invoke the preferential stabilization of the
reactant conformations where these groups are closer. In otheClaisen transition state by means of specific interactions in the
words, the enzyme favors those reactant conformations which@ctive site. Obviously, this comparative analysis does not
are more similar to the transition structure: the pseudodiaxial/ €xclude the existence of a preorganization or NAC effect
short distance form. To analyze this point for carbachorismate favoring the Cope reaction, but the results here presented suggest
in comparison with chorismate, we have carried out molecular that the dominant effect is the electrostatic interactions on the
dynamics simulations of the enzymatic transition states and thetrans?t?on state. The electrostatic stabilization of t_he Claisen
reactants both in the enzyme active site and in aqueous solutionransition state could be larger than 3 kcal molbeing the

The distribution of structures found during the simulations is Overall effect slightly reduced by the preorganization of the Cope
shown in Figure 4a and b for the Claisen and Cope rearrange-"éactants.

ments, respectively. For both reactions, the trajectories of the
corresponding transition states show a similar behavior with a
large overlap region. Transition structures have a clear pseudodi- \We have presented a detailed QM/MM and statistical analysis
axial/short distance character, with slightly larger averaged of the Claisen and Cope rearrangements of chorismate and
distances (see Table 2) and dihedral angles¥(22@sus 218 carbachorismate catalyzed by BsCM. These two reactions are
in the case of the Claisen reaction. The preorganization effectdescribed as concerted processes that present very different
exerted by the enzyme on the reactant structure is evidencedntrinsic or gas-phase free energy barriers, being abottl50

by comparing the dynamics of the reactants in aqueous solutionkcal mof ™ larger for the Cope reaction. The electrostatic
and in the enzyme active site. For both the Claisen and the Copeinteraction pattern established in agueous solution and in the
reaction, the trajectories of the reactants in the enzyme are closeenzyme active site with carboxylate and hydroxyl groups of
to the transition states than in aqueous solution: the reactantthe substrate considerably reduces the calculated free energy
structures in the active site present shorter cartwambon barriers in both cases. However, the ability of the enzyme to
distances and a more pseudodiaxial character (smaller dihedrateduce the energy barrier is larger (by about 3 kcaldh
angle) than in aqueous solution. For chorismate, the effect of the case of the Claisen reaction. This differential catalytic effect
the enzyme is essentially on the €C14 distance, which is  is mainly attributed to the enhanced electrostatic interaction
shortened (in averaged values) from 4.7 A in aqueous solution established between O7 and Arg90 in the transition state of the
to 3.6 A in the active site, while the 07C5C408 dihedral angle chorismate to prephenate rearrangement.

is only slightly reduced (from 266to 251°). For carbachoris- The electrostatic interactions established between the substrate
mate, we have a smaller reduction of the-@114 distance  and the enzyme play a primary effect reducing the free energy
(from 4.0 to 3.3 A) but a larger effect on the dihedral angle barriers, but in addition, they also have consequences on the
(from 277 to 22C). To optimize the interactions between the reactant structures. If the transition structures are going to be
side chain carboxylate group (012/013 oxygens) and the activestabilized, then those reactant structures closer to these would
site arginine residues, the carbachorimate structure is morebe also relatively favored. The BsCM active site displays a
deformed than chorismate, with respect to the in-solution similar effect on chorismate and carbachorismate molecules. In
dynamics. The reason is found in the displacement observedthe active site, reactant structures have smaller carbarbon

for Arg90 in Figure 2. When O7 is substituted by a methylene distances and more pseudodiaxial character than in solution,
group, the O7Arg90 hydrogen bond interaction disappears and becoming then more similar to the transition structures. The
this residue can move inside the active site pocket. In this way resulting averaged reactant structure of carbachorismate is closer
Arg90 establishes now stronger interactions with the 012/013 to the transition structure than in the case of chorismate. The
oxygen atoms (the distances between Arg90 and this carboxylatereason is found in the displacement of Arg90 toward the ether

4. Conclusions
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bridge carboxylate group when the hydrogen bond interaction by comparing not only a unique enzyme with different substrates

with ether oxygen is lost. but also a unique substrate with different enzymes (for example,
The main conclusion is that the electrostatic stabilization of mutants).

the transition state is the dominant effect to explain the larger

catalytic effect of BsCM on the Claisen reaction, although a BQU2003-4168, BANCAIXA for project P1A99-03, and Gen-

larger preorganization of the Cope reactant should be also - . . - .
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here can be useful to highlight the origin of enzyme catalysis JA0369156
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