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The conformational equilibrium of chorismate molecule in water has been studied with Monte Carlo free
energy perturbation simulations. Relative solvation free energies of chorismate conformations have been
calculated using three types of perturbation paths depending on the intermoleculat soluat energy

terms considered. First, smooth transformation between solute conformations are performed without
consideration of chorismate site charges. Second, the solvation free energy contribution because of the inclusion
of electrostatic solutesolvent interactions are calculated. Finally, the role of polarization forces are studied
introducing progressively atom polarizabilities in the chorismate molecule. The calculation of relative free
energies through these three perturbation paths allows the comparison of the different energetic forces, and
improves the convergence of the results. It has been found that the inclusion of solute polarization is crucial
to obtain diequatoriatdiaxial conformational proportions compatible with the experimental values. Different
procedures to calculate solute polarization are analyzed depending on the way the intramolecular interactions
among the polarization sites of chorismate are treated. Two types of water models, polarizable and non-
polarizable, have been considered. A hydrogen bond analysis and a study of the role of the charge variations
among chorismate conformations are also done.

1. Introduction SCHEME 1

Chorismate molecule (Scheme 1) is a precursor of aromatic Hzo\ /H21
amino acids and other metabolites in bacteria, fungi, and Clo
plants!2 Its intramolecular Claisen rearrangement can be O14 H7 ||
observed at the active site of the enzyme chorismate mutase :C|3 CI o s L
and also in aqueous solutiéi. This reaction has attracted 0. 2oz S\C/--H C22,
theoretical interest because it is an unusual case of enzyme- 18~ ! |5 " OI
catalyzed pericyclic reaction where the catalytic enzyme activity Co. C 4AH10 24
is done without forming a chemical bond with the substfaté. He~ T Cs~  “Ous—Hyg
A better understanding of the aqueous and enzymatic reactivity
of chorismate can be obtained with a complete knowledge of Hg

the conformational variability of this molecule in solution.

~ The conformations of chorismate dianion can be classified free energy difference of 3.6 kcal/mol, three times greater than
into two groups, pseudodiequatorial and pseudodiaxial, depend-the experimental value. Hillier et &.performed new FEP
ing on the position of the ether and the hydroxy oxygen atoms simylations for the conformational equilibrium considering an

with respect to the cyclohexadienyl ring (hereafter, they will aqgitional diaxial minimum. They obtained similar results to
be distinguished as diequatorial and diaxial). those of Carlson and Jorgensén.

Conformational studies of chorismate in water have been | the present work, the description of the conformational
performed by both, discrete and continuum solvent techniques. gquilibrium of chorismate with FEP simulations is improved
Hillier et al.*? studied the effect of solvation by means of a iy two ways: by incorporating new minima found in gas phase
polarizable continuum model (PCM). These calculations yielded 44 in solutiod? and by the inclusion of a polarization potential
a greater population for the diequatorial conformation than what j, the system force field. Several procedures have been

it was expected from the experimentll NMR datat Inarecent  employed to calculate the solute polarization. The role of the
study?? diequatoriat-diaxial conformational proportions com- polarization of solvent molecules is also studied.

patible with the experimental values were obtained using a

polarizable continuum model (PCM) with a cavity definition 2. Computational Details

of the united atom model for Hartreéock (UAHF). . . .
Conformational studies of chorismate in water by means of . FEP _calculatlons were carned_ out W'th a M_onte C_Zarlo

free energy perturbation (FEP) simulations were first performed Simulation program of our group in the isothermalobaric

by Carlson and Jorgensé&hThey obtained a diequatorial-diaxial (NPT) ensemble at 25 .and 1 atm. Alllstudied systems consist
of one molecule of chorismate in a rigid conformation and 1400

* To whom correspondence should be addressed. Fax9341021231. molecules of water. System configurations were generated by
E-mail: eudald@qf.ub.es. selecting a molecule at random and changing, also randomly,
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its coordinates. The ranges for translational, rotational motions, 150 100 -50 0 50 100 150

and attempted volume changes were adjusted to yield an
approximate acceptance rate of 40%. As the main interest of _ _ _
the simulations is focused on solute properties, the preferential Figure 1. Schematic representation of LJ transformations between
sampling algorithm was used. The weighting function to choose conformations. Chorismate conformations are situated as a function of

is simi ¢1 (Cs — Cs — O17 — Cyg) and ¢, (Cs — O17 — Ci5 — Cyo) torsional
water moleculgs to attempt a movement is similar to that of a angles of the main side chain,
previous work

@, (degrees)

) Relative solvation free energies of chorismate conformations
W(r i) = /(1 + CtE) (1) have been calculated through a decomposition in several steps

(Scheme 2). In afirst step, the relative free energy of solvation

wherecteis a constant with 120 Avalue and , is defined as with a simple modeling of the solute is comput@d3SOLV(LI)),

the distance between the oxygen atom of a water molecule andTransformations among conformations are performed with FEP

its nearest oxygen atom of the chorismate molecule. To obtain simulations using only Lennard-Jones (LJ) sites in the choris-
a correct implementation of this sampling procedure, the mate molecule. At this stage, the free energies yield an unreal
acceptance probability in the Metropolis test was modified as equilibrium because the chorismate dianion is treated as a

usuall6-18 hydrophobic molecule. However, the transformations among
Free energy perturbations were performed with the Zwanz- chorismate conformations calculated in this way yield more
ing’s perturbation expression converged results than if they were obtained using both, LJ and
charge sites. The second step is the inclusion of the electrostatic
AGy.; = — kgT In [exp(—AH/KT)g (2) contribution for each individual conformatiodG). It could

be obtained from FEP simulations of a charge process for each
The average refers to sampling configurations for the referenceconformation. However, these simulations have been performed
state OKg is the Boltzmann constant,is the temperature, and in the reverse sense, the discharge process. Thus, the sign of
AH is calculated as the difference between the total potential the discharge free energy should be changed to be added to the
energies of states 0 and 1. To construct the FEP paths, it isrest of the free energy contributions. In the last step, the
convenient to define a coupling paramefethat allows the contribution of the polarization to the free energy of solvation
smooth conversion of system O to 1. Then, the progressive has been computed by introducing the polarization sites through
mutation of any geometrical or potential parametragan be FEP simulations AGPOY). As the free energies of these three
expressed as processes are well separated, the contributions of the Lennard-

Jones, electrostatic, and polarization free energies to the global

CA) =&+ A&, — &) (3) equilibrium can be analyzed.

As a result, three types of perturbation paths were defined to
where/ goes from 0 to 1 through a certain number of steps calculate the free energies of the previous processes: (1) LJ
(windows). The total free energy is calculated as the sum of transformations between conformations. Chorismate conforma-
the individual free energy changes of all windows. Each tions have been connected according to Figure 1. All of the
individual free energy is the average of the forward and conversions were performed with 20 windows, except for the
backward change values. At the same time, the difference AX5' — AX5 and AX5 — AX5pcm transformations which
between the forward and backward change values (hysteresisyequired only 7 and 5 windows, respectively. A total ofx7
is used to estimate the statistical errors. 1P configurations of equilibration between windows and>.6

The conformational structures of chorismate molecule were 10° configurations of averaging in each windows were done.
taken from a previous wotkwhere a conformational analysis  (2) Discharge process. The electrostatic contribution for each
in the gas phase and in a continuum model solvent was done.conformation was calculated decreasing linearly the formal
In that study, the gas phase conformational minima of choris- charges of solute atoms to O through 160 windows. Each
mate were obtained from optimizations at the HF/6-31G* level window consists of x 1P configurations of equilibration and
and their energies were computed at the MP2/6-31 level. 5 x 1CP configurations of averaging. (3) Polarization process.
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The contribution of the polarization energy of each conformation
was calculated introducing linearly the atomic polarizability of

each solute atom through 20 windows. Each window consists

of 1 x 10° configurations of equilibration and X 1C°
configurations of averaging.

Two types of water models were employed: the nonpolar-
izable TIP4P water mod¥l and the polarizable DC water
model?° The geometrical parameters of the two types of water
are identical, but they differ in the LJ parameter and charge
values. In addition, the DC water model includes a point
polarizability @ = 1.44 A3) on the bisector of the HO—H
angle at 0.215 A away from the oxygen atom.

The intermolecular interaction energy of the system for the
most complete case is calculated as

U = UPAR 4 yPoL 4)
The UPAR pairwise additive energetic term has two contributions
UPAR — YU 4 % (5)

The Lennard-Jones interaction energy is calculated as

12 6

+Ug" (6)

N Nsu

de
i,]Zi A;A Ae

whereN is the total number of molecules of the system and
NsLj is the number of LJ sites in the solute or in the solvent
molecules. Theia g is the distance of sité in moleculei from

site B in moleculej. Lennard-Jones parameters for chorismate
molecule are OPLS all-atom values taken from literafré?

The usual combining rules were used to calcutadado values

for chorismate-water interactions. The long-range correction for
the Lennard-Jones interactiond;S", is calculated assuming
that the partial pair-correlation functions are the unity beyond

the cutoffR.
ol 1[0)°_
a1

being pm the number density of molecules, aNdthe number
of molecules with the sameyf) values.

Ud% term in eq 5 is the energy of the system because of
charge-charge interactions corrected with the reaction field

method:
N Nsq g, Crr 3

i; A,;A liajB
(8)

whereNu,0 is the number of water molecules ahldq is the
number of electrostatic sites in the solute or in the solvent
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i (1 for water and 24 for chorismate). Tlﬁxﬁd induced dipole
moments can be expressed as
fin! = ay (B + (10)

whereaia is the polarizability of sitéA in moleculei, E and
EfL are the electric fields at the position By because of the
fixed charges of the electrostatic sites and to the induced dipole
moments of the other polarization sites, respectively. A single-
point polarizability was defined for the DC solvent molecuigs,
whereas point polarizabilities were introduced in all atoms of
chorismate molecule to account for the nonadditive induced
polarization effect. The atomic site polarizabilities were taken
from the interaction model of Applequist et&l1%”

The electric fields produced by the permanent charges and
by the induced dipole moments can be calculated as

N Nsg g
= = - 3
Eh= CreM + Z ; Fiajp(1 = Crefinje’)
4.7t€0 T riA,jB
(11)
and
N Np 37 —ind
. 1 |AJB/"JB
d _ —ind .
Eia= CRF:“:R + Z ‘; —— Tiag ™
|A]B |A]B

—ind 3
#}g (1 — Crefinje )” (12)
The reaction field correction factotgr, can be written as

_2ere—1) 1 13
CrF 2epet 1 Rc3 (13)
where R; is the interaction cutoff distance arngke is the
dielectric constant of the continuum beyoRd In the solvent
solvent interactions, th&; cutoff distance was based on the
oxygen—oxygen distances. For Lennard-Jones and electrostatic
terms, the cutoff is set at 8.5 A, whereas for polarization terms,
the cutoff is reduced to 7.0 A. Solutsolvent interactions were
set to zero when the distance between the water oxygen and its
nearest chorismate oxygen is greater than 12.5 A for Lennard-
Jones and electrostatic terms and 11.0 A for polarization terms.
The reduction in the polarization cutoff is needed to accelerate
the calculation of the polarization energy of the system. This
reduction can be done because of the faster decay of the
polarization interactions. The polarization energy of the system
at every configuration was calculated using eqs-1P in an
iterative procedure, because the induced dipole moment of each
polarization site depends on the induced dipole moments of the

molecules. The formal charges of the electrostatic sites of other polarization sites. The iterative process was stopped when

chorismateq, have been obtained with the CHELPG metHod

implemented in Gaussian packagfeom the HF/6-3%-G* gas-

phase wave function for each conformation. Tdg is the

reaction field correction factogg is the vacuum permittivity,

andm is the permanent dipole moment of water molecules.
The polarization term in eq 4 is calculated as

N Ne

UPOL _ = Z Z —-|nqu
25

whereNp is the number of polarization sites of each molecule

9)

the variation of the polarization energy between two consecutive
cycles was smaller than 0.01 kcal/mol. A more precise criterion,
0.001 kcal/mol, was applied to the system configurations
selected for the calculation of the average free energy differ-
ences.

3. Results and Discussion

3.1. LJ Transformations between Conformations.In the
first type of perturbation paths, only LJ interaction sites are
defined in the solute. Although van der Waals energy terms
are only used to describe watahorismate interactions, water
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TABLE 1: Free Energy Change for the LJ Transformations TABLE 3: Molecular Volumes and C1—-C19 Distances for
between Chorismate Conformations in Watet the Chorismate Conformationst
number stdev  stdev conformation volume d(CiC19)

conversion AG  hysteresis of calcs (disp) (blocks) EQ1 688.8 507
AX1 — AX2 —0.48 0.29 4 0.53 0.14 EQ2 678.9 4.38
AX1 — AX3 —0.33 0.63 4 0.99 0.19 AX1 694.2 5.33
AX3 — AX5' 0.19 0.31 4 0.26 0.12 AX2 694.3 491
AX2 — AX5' —-0.64 0.30 4 0.57 0.15 AX3 694.8 531
AX4 — AX5' 0.07 0.18 2 0.16 AX4 680.2 3.78
EQ1— AX2 0.80 0.19 2 0.15 AX5 697.9 4.70
EQ1— EQ2 —-0.34 0.05 2 0.11 AX5pcm 696.5 454
EQ2— AX4 0.44 0.06 2 0.11 AX5' 696.5 4.45
AXS — AXS 0.37 0.03 ! 0.04 aVolumes are in A and distances are in A
AX5" — AX5pcm 0.04 0.07 1 0.05 ’

2 Hysteresis values are the average values of several FEP calculationsinteractions (relative free energies of 0.4 kcal/mol). Confor-
stdev(disp) are calculated from the dispersion of the different free energy Mmations with greater volumes (AX1, AX2, AX5, and AX5pcm)
values obtained for each conversion. stdev(blocks) are the accumulatechave higher relative free energies (656 kcal/mol). The AX3
stdev values calculated using the batch means procedure for eachconformation with a high volume and a low relative free energy

window. All energetic values are in kcal/mol. is the exception. However, the general trend is in good
TABLE 2: Relative Gas Phase Energies and Contributions agrfaemerlt with the hydrophot_)lc effeqt, W_h'ch IS favored. by the
to the Relative Solvation Free Energy of the Chorismate no inclusion of the electrostatic contribution in the chorismate
Molecule Conformations (Energies in kcal/mol) sites. In Table 3, the distance between the two reactive carbon

atoms in the intramolecular Claisen rearrangement of chorismate

conformation AEGAS AGSOLV(L) AGR AGH2- AGEoGh AGTRMS AGEDS : 7 ;
DC TTIPAP T TTIPAP — TTIPAP is also shown. Among the diaxial conformations, the AX4

Eg% 89 %3 ;'8 :?-; :3'2 :g'é :g'g structure is the only one near the transition state. In addition,
AX1 101 16 42 —64 -61 -114 —101 the diequatorial EQ2 conformation, having also a short intramo-
AX2 10.6 1.1 55 -54 —60 -97 —9.3 lecular reactive carbencarbon distance, can be relevant as a
AX3 11.7 0.3 00 —48 -55 -123 -111 starting point of the reaction path. As a consequence of their
AX4 148 04 32 -56 -59 —94 -87 greater proximity to the cyclic transition state, their molecular
AX5 11.0 0.9 10 —63 -59 -112 -10.6

volumes are also the smallest of all studied conformations.

A first error analysis for these conformational conversions
water interactions are described using the LJ site centered inwas done with the resulting hysteresis of the free energy
the oxygen and also the three charge sites of the TIP4P watemerturbations. The first four conversions shown in Table 1 were
model. This type of simulations consist of transforming one repeated four times because their hysteresis values are greater
conformation of chorismate into another progressively through than those of the other conversions. Additionally, it is possible
20 windows. The path of transformation has been constructedto obtain an estimation of the standard deviation (stdev) of the
linearly varying the bond distances, angles, and torsions from four free energy values of each of these four conversions and
the initial state to the final state. Free energies have beencompare it with the hysteresis values obtained through the
calculated using the Zwanzig's expression (eq 2) for the simulations. As can be seen, the conversion with the highest
perturbations to the forward and backward structure. In each stdev has also the highest mean hysteresis. However, in three
window, the perturbed solute structure is located in a position of the four cases, hysteresis indicates less error than stdev. The
that minimizes the root-mean-square displacement of all atomsnext four conversions, with a hysteresis smaller or equal than
with respect to the unperturbed structure. 0.2 kcal/mol, were repeated two times. Finally, the short

Table 1 shows the change in free energy for several connections between the AX&nd the AX5 minimum and the
conversions between nine conformational structures of choris- AX5" and the AX5pcm structure were computed only one time
mate. Seven of them (AX1, AX2, AX3, AX4, AX5, EQL, and because of their small hysteresis and the small conformational
EQ2) are gas-phase minima, the AX5pcm conformation corre- change involved, 7 and 5 windows, respectively.
sponds to a PCM minimum found in solution in a previous  Another method to obtain the stdev of a conversion consists
work,'3and the AX5 structure corresponds to a partial gas phase of the accumulation of the stdev of all of the windows computed
optimization employed to connect several minima. with the batch means procedure. Last column in Table 1 shows

Small free energies, less than 1 kcal/mol, are needed tothe stdev values obtained for all of the conversions when the
perform each conversion (Table 1), which is a consequence ofbatch means procedure is done with 20 blocks for each window.
the weak solutesolvent LJ interactions. Second column of It can be seen that the method of blocks always yields less error
Table 2 shows the relative LJ free energies of solvation for eachthan the stdev calculated through independent repetitions and
conformation AGSOLV(L) indicating that the most stabilized also is smaller than the mean values of the hysteresis. Calcula-
structure is the EQ2 minimum and that the general trend is to tions of the stdev with a different number of blocks have been
produce a greater stabilization of the two diequatorial conforma- performed but no significant change was observed. A conver-
tions. As the LJ parameters of the chorismate sites have alwaysgence study of the stdev with the batch means procedure was
the same values for all of the studied conformations, the free performed for three separated windows of the AX1AX3
energy changes should reflect differences in conformational conversion with a large number of configurations (192M). The
shapes. To see this effect, the molecular volume was calculatedesults indicate that more than 50M of configurations for
for each conformation (Table 3). This volume is defined as the window are needed to obtain an uncorrelated stdev using the
volume contained by the surface of van der Waals contact batch means procedure. This slow convergence in the stabiliza-
between the chorismate conformation and a water molecule. Ittion of the stdev indicates the slow convergence of the free
can be seen that the conformations with smaller molecular energy calculations when the rotation of dihedral angles of
volume (EQ1, EQ2, and AX4) are well stabilized by LJ chorismate is performed.

AXS5pcm  11.7 0.6 24 -6.1 -58 -114 -10.1
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TABLE 4: RMSD for Conversions between Chorismate AX1 — AX3 conversion because of its biggest error. As the
Conformations® errors of the mean values of free energies for the other
RMSD RMSD RMSD RMSD conversions are estimated to be similar or less than 0.3 kcal/
conversion (ally (1-15) (17-24) (20&24) mol, a maximum error of 0.3 kcal/mol can be assigned to each
AX1 — AX2 0061  0.037 0.092 0.143 AGSOHVL) free energy value.
AX1— AX3 0.078 0.043 0.120 0.186 3.2. Discharge Processree energy discharge calculations
AX3 — AX5: 0.058 0.040 0.083 0.111 were performed for each conformation through many steps, 160
AX2 — AX5 0.057 0.030 0.089 0.131 . . . .
AX4 — AX5' 0.077 0.063 0.099 0.097 windows, because of the high electrostatic solvation energy of
EQl— AX2 0.079 0.075 0.060 0.074 the chorismate dianion. For example, the AX3 conformation
EQ1—EQ2 0.055 0.047 0.070 0.056 has a variation of free energy for the discharge process of 234.2
EQ2— AX4 0.064 0.058 0.039 0.052 kcal/mol. As can be expected for a dianion molecule, the free
AX5" — AX5 0.033 0.029 0.040 0.038

energy change for the charging process is very favorable for
all chorismate conformations. Table 2 shows the relative values
2Each column shows the average RMSD for the group of atoms (AGR) obtained for the charging process of all conformations
indicated in parenthesis. See Scheme 1 for atom numbering. RMSD ot the chorismate molecule. These relative values indicate that
units are in A. the diequatorial conformations are the less stabilized structures,
whereas the most stabilized conformation is the AX3 minimum.
. ) Adding the first three columns of Table—2relative gas-phase
error for the LJ conversions can be estimated about 0.3 I(C""Venergies, relative conformational LJ free energies, and relative

mol. This valug IS obta|_ned from the stdev_ of the_ CONVEISIONS g0 trostatic free energiesthe relative global free energy of
repeated four imes, which are the conversions with the greatestthe chorismate conformations is obtained. From these values,

error. The other conversions, with smaller hysteresis, can be it can be seen that the conformational equilibrium is totally

expected to have smaller error. . moved to the diequatorial conformations, 63% for EQ1, 37%
Table 4 shows the root-mean-square displacement (RMSD) ¢, EQ2, and only 0.1% for the diaxial conformations. Thus,

Iﬁr se_vz(ajral grofups ?]f ato;ns of tc_:honlsmate av_eragljted ovt()ar all of although the electrostatic contribution favors the stabilization
€ windows ot each conformational conversion. It can D€ S€En .t o~ gy conformations, it is not sufficient to obtain

that the conversions performed with 20 windows show similar conformational populations near the experimental value4786
values for the RMSD of the group of all solute atoms. They for the diaxial conformations
fall in the range of 0.060.08 A. No correlation between these ) - .
values and the error estimation of the free energy of the The mean h_ystere5|s obtained for these discharge free energy
conformational conversions (Table 1) is observed. The calcu- perturbations is 0.5 kcal/mol, _vvhereas the stdev calculated W|t_h
lated RMSD for the +15 atom group of chorismate (ring the batch means procgdure is only 0.11 k(_:allmol_. Thus, as in
section) and for the 1724 atom group (main side chain) are the case of LJ S|r_nulat|ons, the stdey ob_talned with the batch
also shown in Table 4. See Scheme 1 for atom numeration, Mean procedure is probably_ subestlma_tmg the correct value.
The hydrogen of the hydroxyl group, atom no. 16, is not Two different free energy discharge S|mulat|ons_ have been
considered because it is the only atom that has not LJ Performed for the EQ1, AX2, and AX3 conformations. From
parameters. Because the major change among minima comethe differences between the_ two _obtalned free energy values,
from the disposition of the main side chain, the RMSD of the the error for theAGR values is estimated about 0.4 kcal/mol.
17—24 atom group presents greater differences among conver- 3.2.1. Hydrogen Bond Analysior each conformation, a
sions than the observed for the ring section. On the other hand Monte Carlo simulation of the chorismatevater solution was
a good correlation between the hysteresis and the calculatedperformed with LJ and electrostatic sites on the chorismate
errors for the free energy of the conformational conversions is molecule to carry out a hydrogen bond analysis. The same
obtained when the RMSD is calculated for the atoms nos. 20 TIP4P model was used for water molecules. Average values
and 24 (Scheme 1). These two atoms, because of their positionwere obtained over 36 10° configurations, except for the
are the most sensitive to the movement of the main side chainsimulation of the AX2 conformation which lasted 90 106
and are the worst fitted in the construction of the conversion configurations. A geometric criterion of the H bond is used with
paths. This good correlation indicates that free energy errors ofthree conditions. A hydrogen bond is formed when the distance
the LJ conversions are mainly determined by the worst fitted between the oxygens of two molecules is less than 3.5 A, the
atoms. distance between the hydrogen and the oxygen of the H-bond
With the conversions of Table 1, it is possible to establish acceptor is less than 2.5 A, and the angle between the OH
two thermodynamic cycles. The free energy of one cycle can intramolecular bond of the H-bond donor and the line connecting
be calculated with the free energy of four conversioA&(AX1 the oxygens is less than 30 degrees. In Figure 2, the mean
— AX2) — AG(AX1 — AX3) — AG(AX3 — AX5') + number of acceptor hydrogen bonds for each chorismate oxygen
AG(AX2 — AX5"), and it closes with-0.98 kcal/mol. The other ~ and the mean number of donor hydrogen bonds for the hydrogen
cycle is calculated using five conversions:AG(AX2 — AX5') of its hydroxyl group are shown for all minima structures. When
+ AG(AX4 — AX5') — AG(EQ1— AX2) + AG(EQ1— EQ2) the chorismate molecule adopts a diequatorial conformation, one
+ AG(EQ2 — AX4) yielding a closure energy of 0.01 kcal/ H bond in one oxygen of the carboxylate group of the main
mol. This excellent closure is clearly fortuitous as can be inferred side chain is lost because this oxygen is now immersed in an
from the obtained hystereses, whereas the obtained closuréntramolecular hydrogen bond with the hydrogen of the hydroxyl
energy for the first cycle is compatible with the accumulation group. It can be seen that, in EQ1 and EQ2 conformations, this
of the estimated errors in each conversion. hydrogen has no participation in any intermolecular hydrogen
Because of the construction of thermodynamic cycles the bond. The total number of hydrogen bonds between chorismate
connection between every two structures can be performedand water molecules are also shown in Figure 2. These values
through two paths. Relative LJ free energies of solvation of are in a range of 14:316.2 hydrogen bonds for all conforma-
Table 2 have been calculated without the consideration of the tions. As can be expected, the diequatorial conformations have

AX5" — AX5pcm 0.029 0.022 0.039 0.046

As a result, a part from the AXt> AX3 conversion, the
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SCHEME 3: AX3-AX2 Conformational Transformation
15.6 16.2 . . X o . .
35 — [te<] — (Free Energies in kcal/mol)
7.4
. 2or 1 st (AX3)q(AX3) » st (AX2)q(AX3)
°
2 2sf - 6.2
c 3.8 1.2
2
L] .
s | T St (AX3)q(AX2) » St (AX2) g (AX2)
5 151 ] 10.0
£
Z 10} - SCHEME 4: AX3-EQ1 Conformational Transformation
(Free Energies in kcal/mol)
0.5 - 8.5
st (AX3)g(AX3) » st (EQ1)g(AX3)
0.0 | 1 | | | | &
AX1 AX2 AX3 AX4 AX5 AX5pcm EQ1 EQ2 - 7.9 0.6
Figure 2. Number of hydrogen bonds between chorismate and water ’ ’
molecules for several selected atoms: carboxylate oxygens (thin line),
ether oxygen (dashed line), hydroxyl oxygen (thick line), and hydroxyl . (AX3) q(EQ1) > st (EQ1)q(EQL)
hydrogen (line with circles). The total number of hydrogen bonds for 16.5

each conformation is also displayed in boxes.

h I ber of L hvd bond for th conformation (st(AX3)q(AX3)) to the AX2 conformation
the smallest number of total hydrogen bonds. However, for the i (ax2)q(AX2)), the transformations of the geometrical struc-
diaxial conformations, no cor_relatlon_bet\_Nee_n the hydrogen b_O'_‘d ture at fixed atom charges are more important than the corre-
number and the electrostatic stabilization is found. Thus, it is sponding vertical paths. In the transformation of AX3 confor-
necessary 1o tak.e. into account more effects to explain the mation to EQ1 conformation (Scheme 4), a similar relation is
e!ectrostatlc stabilization. There can be important energetic obtained. However, free energies for the perturbations between
differences among H bonds and also water molecules NO Ax3 and EQ1 charges are more important in the AX3 geo-
H-bonded to the solute can have significant 'mportanc?- metrical structure than in the EQ1 geometrical structure. Thus,
_On the other hand, the number of water molecules with tWo  5thogh the relative stabilization of the conformations is mainly
simultaneous double bonds with the chorismate has also beery e 15 the change in the geometrical structure, the differences
compyted. For each conformation, there is a probability of j, e charge distribution are also very important, especially
5—10% to have a water molecule with a double bond with the o yeen the AX3 diaxial conformation and the EQ1 diequatorial
two oxygens of the carboxylate groups. The AX2 conformation  .,¢qrmation. Consequently, simulations of the conformational
has an additionat-25% probability of having a water H-bonded  popayior of the chorismate molecule in water with the ap-
to the oxygen of the hydroxyl group and to one oxygen of the ., imation of fixed charges would yield erroneous results.
carboxylate group of the side chain. In previous studfis, 3.3. Polarization Process.The variation of free energy
was thought that this water molecule H-bon imultan I e . . .
toafhte Ocua%bt);yell;tte San ; tﬁydrgxiltl:uoiyg (Sr?s oilgdrzl evl;;a: iiof:hS ey produced by the inclusion of polarization sites on the chorismate
stabilization of this conformation and in the description of the g?éifuolﬁ V;’ﬁes Cseodﬂ::aatizdggrsgﬁgggw:t%rg?;ﬁ?é Lg?ae;)zlzgﬁ%tgn
conformational equilibrium. However, as can be seen in the . o )
relative AGQ values of the diaxial conformations (Table 2), the cenlte(;ed_tr]w feach atom. T?e bpc;!anz?rt])lllty \éaZIL(J)es_ adre Ilnelgrly
AX2 structure is the less stabilized, indicating that this additional tscae ‘;\” | ree (:[J_nergy pelr?r ations rOI;g dvzjm OWdS_' our
water molecule does not affect significantly to the chorismate Ypes of polarization simuiations were performed depending on
the model of water employed (polarizable or nonpolarizable)

equilibrium. . ) . .
3.2.2. CHELPG Charge AnalysiSHELPG charges of the a}nd the way the mtramolecular interactions among the polariza-
tion sites of chorismate are treated.

chorismate atoms have been compared among all conformations. _ S . _ . _
The charge of several atoms remains quite constant from one In the first case, the polarization of chorismate is studied with
conformation to another. However, the ring sp3 C atoms and & DC polarizable water model. The polarization energy is a
their hydrogens, the hydroxyl group, and the atoms of the double function of the electric fields created by the permanent charges
bond of the side chain have a variation range of their charge of Of the system (solute and solvent moleculés}, and by the
~0.3. induced dipole moment&£P, on each polarization site (24 in

To know the determinant factors for the relative solvation chorismate and 1 in each water molecule). To avoid the
free energy AGH + AGQ) of chorismate conformations, new polarization catastrophe (polarization energy becoming unreal-

free energy perturbations were performed to analyze the iStically large), the intramolecular 2 and 13 bonded
importance of the geometrical structure (st) and the assignedinteractions between charges and induced dipole moments of
charges (q). In the Schemes 3 and 4, the transformation betweerh€ solute are not considered in the calculatiogE®andEP.28.29

two conformations (diagonal path) is decomposed into two steps.  The absolute free energy of polarization obtained for each
The diagonal path values are calculated from LJ and electrostaticconformation with the DC model of water is shown in Table 2
free energies of Table 2. The vertical paths indicate the new (AGE@L column). Each value is the free energy obtained in
free energy perturbations which transform atom charges with- solution less the intramolecular free energy of polarization
out perturbing the structures. The horizontal paths, transforma-computed for the same chorismate conformation in gas phase.
tion of the conformational structure without changing atom The stabilization caused by the free energy of polarization is
charges, are calculated using a thermodynamic cycle. As cangreater in the diequatorial conformations than in the diaxial ones.
be seen in Scheme 3, in the transformation of the AX3 This tendency yields conformational proportions more different
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TABLE 5: Conformational Populations of Chorismate in Adding all free energy contribution\ECAS, AGH, AGR, and
DC Water Solution and in TIP4P Water Solution (POL1, POL2 ; _
POL2, and POL3 Models) AGrppgp), the total free energy differences among conforma

: tions are obtained for this model, and from that, the relative
conformation % DC % POL1 % POL2Z %POL3 %expt proportions are calculated (Table 5). As can be seen, the

EQ1 94(8)  85(18)  49(31) 68(29) 88 conformational proportions are compatible with the experimental
EQ2 6(8) 15(18) 31(27) 27(27) values. The AX3, with 19%, and the AX5, with 1%, minima
Ax% 8 8 8 8 are the two more populated diaxial conformations. In contrast
AX with the previous models, the two diequatorial conformations
AX3 0 0 19(19) 48(5.8) 4, Y

AX4 0 0 0 0 are now similarly populated.

AX5 0 0 0.7(0.8)  0.5(0.6) The errors in the conformational proportions are shown in
AX5pcm 0 0 0 0 parentheses in Table 5. These errors have been computed

2 Proportion errors (in parentheses) are calculated considering a stdevestimating an error of 0.6 kcal/mol for the total free energy of
of 0.6 kcal/mol for the total free energy of every conformation. The each conformation. This value has been obtained from the
experimental populations for the diequatorial and the diaxial groups accumulation of the errors of LJ, charge, and polarization
of conformations are also indicated simulations. As it has been mentioned, relative free energy errors

in the LJ and discharge simulations are about 0.3 and 0.4 kcal/
from the experimental values (Table 5) than when only the LJ mo|, respectively. The error in the polarization simulations is
and electrostatic contributions are considered. estimated to be 0.3 kcal/mol for this model. This value has been

A second type of FEP simulations was performed with a obtained through the average difference between the two free
nonpolarizable TIP4P water model. Three models (POL1, POL2, energy values computed for each conformation. In contrast to
and POL3) have been studied depending on the intramolecularLJ simulations, hysteresis values for the POL2 model are very
interactions of chorismate considered in the calculation of the small, 0.08 kcal/mol, with respect to the average difference of
polarization energy. As the TIP4P is a nonpolarizable solvent, free energies (0.5 kcal/mol). The stdev obtained by the batch
in these three models, the polarization is only produced in the means procedure is only 0.03 kcal/mol. As these errors are
solute. smaller, hysteresis values and the batch means procedure are

In the POL1 model, the polarization energy is calculated Nnot suitable to give a good approximation to the error in the
considering the TIP4P charges of the solvent molecules andpolarization simulations. For comparison, the same free energy
the intramolecular chorismate interactions between charges ancerror has been employed in all models, although DC and POL1
induced dipoles separated by three or more bonds. The polarizamodels may have slightly bigger error intervals because each
tion energy because of the intramolecular interactions betweenpolarization simulation has been performed only one time.
the polarization sites of chorismate in the gas phase is subtracted Additional series of free energy perturbations calculating the
from the free energy in solution yielded by the simulations. The ER electric field in the same way as POL2 model but considering
obtained free energy valueSGh oy are shown in Table 2. It the inductive effect of induced dipoles among all sites of

can be seen that thac;?ﬁ’:"-‘}j values are very similar to the  chorismate molecule (instead of only those separated by more

previousAGES" free energies. Thus, the free energy variation than three bonds) were performed. In these FEP simulations,

of the process of including polarizability sites in the chorismate the polarization catastrophe appears when the atomic polariz-
molecule seems to be independent from the fact that solvent@bilities reach approximately to the half of their final values.
molecules were explicitly polarizable or that they had the Inthe POL3 model, no interaction between polarization sites
polarization included in an average way. With respect to the of the solute is considered. ThE? electric field on the
effect on each chorismate conformation, the free energy of polarization sites of the chorismate is calculated as a function
polarization yields an increase of diequatorial proportions. As of the charges of the TIP4P waters as in the previous model.
can be seen from the first two columns of Table 5, only the The inductive effect between dipole moments on the chorismate
diequatorial conformations are significantly populated in these molecule is not considered now. So, with this model, the
two models. As will be discussed in the POL2 model, proportion polarization is calculated without the iterative procedure. Table
errors in Table 5 are obtained estimating an error of 0.6 kcal/ 2 shows the polarization free energy valua&’ o>, obtained

mol for the total free energy of each conformation. The errors for each conformation with the POL3 model. Each free energy
obtained for diequatorial conformations are large because little value corresponds to the average of two FEP simulations. It
variations of free energy yield great changes in the proportions. can be seen that the diaxial conformations are more stabilized
According to these two models, the EQ1 structure is more than the diequatorial conformations as in the previous model.

populated than the EQ2 conformation. The absolute free energies of polarization are also similar to
In the POL2 model, th&R electric field on the polarization ~ the values obtained with the POL2 model. However, for every
sites of the chorismate is calculated as a function of only the ConformationﬁotLgeAG-'?f;ﬁ value is more stable than its corre-

charges of the TIP4P waters. Charges on the chorismate sitespondingAGy 5,5 free energy. This fact is a consequence of
do not affect directly to the polarization energy terms, but an the extra stabilization produced by the intramolecular inductive
iterative procedure is also needed because the inductive effeceffect between induced dipole moments.

between induced dipole moments of the chorismate molecule The stabilization of the AX3 conformation with respect to
situated at a distance of three or more bonds is considered. Freghe diequatorial conformations because of the polarization free
energy results for this modat\,Gﬁf,ifp are shown in Table 2.  energy is about 2 kcal/mol. A significant proportion, 5%, for
Each free energy value corresponds to the average of two FEPthe AX3 conformation is obtained. However, this model yields
simulations. With this model, the diaxial conformations are more less proportion for the diaxial conformations than the POL2
stabilized than the diequatorial ones. It can be seen that the mosmodel and the experimental data. Errors for the POL3 model
stabilized conformation, AX3, is also the most stabilized by are obtained from the average of the differences between the
the electrostatic interactions. This conformation is now about 3 two free energy values of each conformation. The calculated
kcal/mol more stable than the diequatorial conformations. erroris 0.35 kcal/mol, slightly greater than that obtained in the
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POL2 model. The mean hysteresis value is 0.05 kcal/mol, andand 1-3% for EQ2 are obtained. In addition, the more stable
the stdev obtained with the batch means procedure is only 0.03diaxial conformation is not the same in both calculations: the
kcal/mol. Thus, as in the previous model, hysteresis and the AX5pcm conformation for the PCM calculations and the AX3
batch means procedure are bad indicators of the error. conformation in the present FEP simulations.

As an overall view, it should be noted that in the four models ~ The hydrogen bond analysis performed with chorismate
the relative polarization free energies of all of the conformations conformations shows that the diequatorial conformations have
(Table 2) fall in a short interval of 24 kcal/mol. However, the smallest number of hydrogen bonds as can be expected from
the clear separation between the values of the most significantthe formation of the internal hydrogen bond. However, relative
diaxial conformation (AX3) and the diequatorial forms and the free energy differences among diaxial conformations are not
small error of each individual value (G=®.35 kcal/mol) makes  directly related to the total number of H bonds, because water
clear the conclusion about each model: DC and POLL1 increasemolecules near the solute but not H-bonded to the chorismate
the stabilization of the diequatorial conformations, whereas have important stabilization effect. Also, energetic differences
POL2 and POL3, in accordance with the experimental informa- among H bonds of different solute functional groups are also
tion, increase the stabilization of the diaxial conformations. significant.

When the relative polarization free energies are added to the Differences between free energies of solvation of two minima
LJ, electrostatic, and gas-phase contributions, the total relativeare mainly caused by differences in the geometrical structures.
free energies fall in a wider range of +@3 kcal/mol. Despite The contribution of the variation of atom charges among
that, the clear stabilization of the diaxial forms in the POL2 conformations is less important, but it has to be considered. A
and POL3 models reduces the total free energy differencessimple force field with the same charges for all chorismate
between the diaxial AX3 and AX5 forms and the diequatorial conformations would lead to bad conformational results.
ones and produces a noticeable increase of the population of gome computational details of FEP simulations are crucial
these diaxial conformations (Table 5). It should be noted the {5 gptain converged free energies. The system has to be
considerable error of the observed populations which is due to gqyjlibrated before the average stage of each window. It has
the sensitivity of the population values to energy variations and peen found that more configurations are needed to reach the
that the error of the total free energy values is 0.6 kcal/mol.  equilibrium in the geometrical transformations than in the FEP

. simulations of discharge or polarization processes. Another
4. Conclusions important aspect is to sample a sufficient number of configura-

The conformational equilibrium of the chorismate molecule toNs to obtain converged average values. It can be suspected
in water has been studied by means of FEP simulations. Thethat the number of configurations is insufficient when the stdev
decomposition of the calculation of the relative free energies calculated by the batch means procedure is clearly smaller than
of solvation in LJ transformations among geometrical structures the obtained hysteresis values. This problem can be solved by
and discharge and polarization processes for each conformatiorfnlarging the simulations for each window or averaging the
has been an efficient procedure to obtain precise results and tgesults of different FEP simulations started at different initial

evaluate the importance of each energetic term in the confor- molecular dispositions. _Repetitio_ns of FEP simulations have
mational proportions. been performed to obtain an estimated error of-@.48 kcal/

o mol for the free energies of each perturbation process. More

computational effort is needed to obtain converged results in
| the geometrical solute transformations. Finally, the influence
of the selection of the perturbation path on the convergence is

The inclusion of solute polarization as is done in the POL
and POL3 models is crucial to obtain diequatoridiaxial
conformational proportions compatible with the experimenta

values. In these two models, the solvent is described with a Jo T ) )
nonpolarizable TIP4P model and the solute polarization is also very significant. Statistical important configurations of the

modeled with atomic polarizabilities. It has been found that the Perturbed systems have to be accessible from the configurations

best polarization energies are obtained when the charges of thé)k']c the Ireferen%e system.fln the Eeorr;]etr;cal transformations of

chorismate dianion are not considered in the polarization of its the solute, 'F as been oupd t at the free energy errors are

own polarizable sites correlated with the geometric differences between two confor-
Another important factor to obtain a good description of the mations.

conformational equilibrium has been the consideration of all

chorismate minima obtained in a previous exhaustive confor- ¥ o 15 X
mational search Previous FEP simulations of chorismate in Ministerio de Ciencia y Tecnol6gi(Project BQU2000-0642-

watef24could not reproduce the experimental conformational C03-03) and from the Comissionat per a Universitats i Recerca
equilibrium because the study was done with few conformational 4€ 12 Generalitat de Catalunya (2001SGR00301) are acknowl-
minima and only the LJ and electrostatic terms in the intermo- €d9ed. The Centre de Supercomplitadie Catalunya
lecular potential were considered. C4-CE§QA is also acknoyvledged for providing us WIt'h computer
On the other hand, the inclusion of a polarization center in capabilities. S.M. benefited from a grant from Universitat de

the water molecules does not introduce a significant effect in Barcelona.

the relative free energies of polarization of chorismate confor-
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