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The proficiency of a thermophilic chorismate mutase
enzyme is solely through an entropic advantage

in the enzyme reaction
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A study of the Thermus thermophilus chorismate mutase (TtCM) is
described by using quantum mechanics (self-consistent-charge
density-functional tight binding)/molecular mechanics, umbrella
sampling, and the weighted histogram analysis method. The com-
puted free energies of activation for the reactions in water and
TtCM are comparable to the experimental values. The free energies
for formation of near attack conformer have been determined to
be 8.06 and 0.05 kcal/mol in water and TtCM, respectively. The near
attack conformer stabilization contributes ~90% to the proficiency
of the enzymatic reaction compared with the reaction in water. The
transition state (TS) structures and partial atom charges are much
the same in the enzymatic and water reactions. The difference in
the electrostatic interactions of Arg-89 with 013 in the enzyme-
substrate complex and enzyme-TS complex provides the latter
with but 0.55 kcal/mol of 1.92 kcal/mol total TS stabilization.
Differences in electrostatic interactions between components at
the active site in the enzyme-substrate complex and enzyme-TS
complex are barely significant, such that TS stabilization is of minor
importance and the enzymatic catalysis is through an entropic
advantage.

potential of mean force | self-consistent-charge density-functional tight
binding | quantum mechanics/molecular mechanics

he contributions of ground-state (GS) conformations and

transition-state (TS) stabilization to the proficiency of an
enzymatic reaction can be more easily understood by studying a
simple one-substrate enzyme reaction that involves the intramo-
lecular rearrangement of a substrate to product without forma-
tion of a covalent intermediate (1, 2). The Claisen rearrange-
ment of chorismate to prephenate is a well studied example (3)
as shown in Fig. 1 where the reactive conformation near attack
conformer (NAC) is defined.

Our choice to research the Thermus thermophilus chorismate
mutase (TtCM) relates to our current interest in the chorismate
— prephenate reaction (4—6) and the questions of the temper-
ature specificity of thermophilic enzymes (7). TtCM belongs to
a rare group of the AroH-type monofunctional CMs that are
principally found in Gram-positive bacteria and have been
discovered as a thermophilic enzyme in the Gram-negative T.
thermophllus (8,9). The experimental free energles of activation
AGCXP are 15.2 and 24.2 kcal/mol for the reactions in TtCM (343
K, the bacterium’s optimal growth temperature) and water (298
K) (10), respectively. In this article, we describe a quantum
mechanics (QM)/molecular mechanics (MM) (11) and umbrella
sampling (12) study of the reactions at 343 K for TtCM and 298
K for water.

Methods

The initial coordinates of TtCM were modified from the x-ray
structure of the F55S mutant of the TtCM trimer (Protein Data
Bank ID code 10DE; resolution, 1.65 A) (8). The QM/MM
simulations were carried out with CHARMM version 31b1 by the
use of the self-consistent-charge density functional tight binding
(SCCDFTB) module (13-15). For the simulations in the active
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site of TtCM, the chorismate was treated as the QM region. The
enzyme-substrate complex (E-S) was solvated with a water cap
of 25 A radius centered at the QM region and consisted of 1,542
TIP3P water molecules (16). Stochastic boundary conditions
were applied to the system (17). Umbrella sampling (18) was
used to sample the conformational ensembles of the reactions.
NAC definition of C5-C16 distance was chosen as the reaction
coordinate in umbrella sampling. The same procedure was used
for the simulations of the chorismate in water. The free energies
of activation for the reactions in water [AG})] and TtCM
[AGEE)] were determined by the potential of mean force (PMF).
The free energies for NAC formation in water and enzyme were
calculated from the mole fraction of the chorismate in the GS
present as NAC. Detailed methods of initial coordinate prepa-
ration, QM /MM simulation setup, umbrella sampling, and cal-
culation of free energy for NAC formation are available in
Supporting Text, which is published as supporting information on
the PNAS web site.

Results

PMF Profiles Obtained from Umbrella Sampling. The free-energy
profiles for the chorismate — prephenate reaction along the
C5-C16 reaction coordinate in both water and the active site of
TtCM, as obtained by SCCDFTB/MM and umbrella sampling,
are shown in Fig. 2. The PMF profile for the reaction in water
is plotted as a blue solid line, and the free-energy profile of NAC
formation is plotted in a red dashed line. The activation barriers
(TS) are present at reaction coordinate Res.cis of 2.17 and
2.37 A in water and TtCM, respectively The minima of the
free-energy profile of NAC formation in water and TtCM are
present at Res.cie of 3.03 and 3.09 A. The most favorable
distance of C5-C16 for NAC formation in enzyme is comparable
to that in water. Thus, the substrate forms similar NAC species
regardless of the environments.

The free energies of activation in water and TtCM (AG%,,.)
are 22.31 and 12.38 kcal/mol, which are in reasonable agree-
ment with the experimental values of 24.5 and 15.4 kcal/mol,
respectively (Table 1). The free energy of activation in the
enzymatic reaction is 9.93 kcal/mol lower than the free energy
of activation in water. The minimum of the free-energy profile
of NAC formation in water [GNac(€)] is 8.06 kcal/mol, which
is in good agreement with previous results (8.1 kcal/mol)
obtained from thermodynamic integration (4). In the enzy-
matic reaction, free energy for NAC formation is 0.73 kcal/
mol when Res.ci6 is the distance of the NAC criteria (3.7 A).
The minimum of the free-energy profile of NAC formation in
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Fig. 1. Diagram of the chorismate — prephenate reaction. (a) Chorismate.
(b) NAC of the chorismate is defined by three criteria: Res.c16, 01, and 62. 01 is
the angle of the C16 approach to the C5 m-orbital. 62 is the C16 w-orbital
direction relative to the C5 atom. In the TS, 61 = 8.2° and 062 = 18.6°. For the
NAGs, the bonding angles 01 and 62 are allowed *20° deviations from the TS
structure. The distance Res.ci6 = 3.7 A. (¢) TS. (d) Prephenate.

TtCM is 0.05 kcal/mol. Therefore, the GS conformations of
chorismate in the active site of TtCM are essentially NACs.
Using the experimental value of the free energy of reaction in
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Fig. 2. Free energy profiles. (a and b) Plots of the free energy profiles of
the chorismate — prephenate reactions in water (a) and TtCM (b). The blue
solid lines are PMF profiles and red dashed lines are the free energy profiles
of NAC formation. (c and d) Within the region of 2.7 = Res.c16 = 3.7 A, the
free energy profiles were plotted in high resolution. Both PMF and NAC
free energy profiles are offset by the values of free energy minima for the
chorismate in GSs in PMF.
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Table 1. The free energies for the chorismate — prephenate
reaction in both water and TtCM (kcal/mol)

Free energies Water TtCM
Ggin(g") 0.00 0.00
GRac(&) 8.06 0.05
AGRac = GRAL(E) — GT" (¢) 8.06 0.05
Ac';calc =G* (f) Gg""(%”) 22.31 12.38
AGeyp 245 15.4
AAGRAc = AGRRY — AGRAZ 8.01
AAGcalc AG:.S'? AG:SIEC) 9.93
AAGE,, 9.1
AAGTs 1.92
AAGRAc/AAGEc X 100 % 80.6%
AAGNAC/AAGexp X 100 % 88.0%

The superscripts min, o, and  designate the minimum of the free energy
profile, standard free energy, and free energy of the activation for the
reaction, respectively. The superscripts (E) and (W) stand for the free energy
change in enzyme and water, respectively. The subscripts calc and exp repre-
sent the computed and experimental values. & ¢, and £’ denote the positions
of TS, NAC, and GS along the reaction coordinates.

enzyme (9.1 kcal/mol), the kinetic advantage of the enzymatic
reaction, compared with the reaction in water, is caused 88%
(8.01/9.1) by favorable NAC formation. Strajbl et al. (19), in
an earlier empirical valence bond study, confirmed the impor-
tance of NAC formation in determining the proficiency of the
Bacillus subtilis CM (BsCM) enzymatic reaction.

Reaction Coordinates. Because chorismate NAC is defined by
three criteria, the distance Rcs.cq, and the angles 61 and 62, 1D
PMF profiles were projected into 2D PMF profiles by the
weighted histogram analysis method (20, 21) along the Res.ce
and 01, and Rcs.ce and 62, respectively (Fig. 3). The TS is
identified from the highest saddle points in the contour plots
along the reaction coordinates, labeled with blue asterisks. For
the reaction in water (Fig. 3 a and b), 61 is 14° and 62 is 19° in
the TS. For the reaction in TtCM (Fig. 3 ¢ and d), 01 is 12° and
02 is 20°. Thus, 61 and 62 differ only by 1-2°. The TS structures
in water and TtCM are very similar. With the contracting of the
C5-C16 distance (starting from the GS), the reaction pathway
becomes narrow. The conformations of the chorismate are all
NACs when Res.c16 < 2.83 A in water and Res.c16 < 2.81 A in
TtCM where the “bottleneck” shapes occur. It has also been
identified from Fig. 2 that the free-energy profiles nearly overlap
with the free-energy profiles of the NAC formation when Res.ci6
is < 2.83 A in water and 2.81 A in TtCM.

Comparison of Conformations in Different Reaction Stages. The
conformations of the TtCM-bound GS, NAC, TS, and product
were extracted from trajectories and averaged. The interaction
distances are defined as the distances between the geometric
center of chorismate and that of the side chains of nearby
residues (within 6 A), which are calculated from the four
averaged structures as shown in Table 2. The interaction dis-
tances do not change much in the course of the reaction. For
example, the interaction distance of the chorismate and Leu-114
are 5.98, 6.00, 6.18, and 6.07 A in the GS, NAC, TS, and product,
respectively. The calculated radii of gyration for the heavy atoms
of the chorismate and residues within 6 A of the chorismate are
7.20, 7.22, 7.23, and 7.20 A in the GS, NAC, TS, and product,
respectively. Therefore, the radii of gyration also show no
significant differences. The species housed in the active site were
removed and the volumes of the empty cavities at various
distances along the reaction coordinate were calculated by using
the VOIDOO program (22) with a grid spacing and probe radius
of 1.0 and 1.2 A, respectively. The cavity volumes of the active
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Fig. 3. NAC conformation characterization. The Res.c16 ranges from 2.0 to 3.7 A, 61 and 62 range from 0° to 90°, and the increment of the contour line is 0.5
kcal/mol. 1D PMFs along the reaction coordinate Rcs.c1g are projected to the 61 and 62, respectively. The TS is labeled by blue asterisks. (a and b) PMF of the
reaction in water projected to 01 (a) and 62 (b). (c and d) PMF of the reaction in TtCM projected to 61 (c) and 62 (d).

site are 178 and 163 A3 in the E-S and enzyme-TS complex
(E‘TS). The similarity of the cavity volumes of the active site
indicates that the chorismate binds no tighter in the TS than GS.
Superimposing TtCM-bound E-S and E-TS shows that the ge-
ometry of the active site structure remains unchanged (Fig. 5,
which is published as supporting information on the PNAS web
site).

TS Structure Analysis. The hydrophobic and electrostatic interac-
tions of TS at the active site are shown in Fig. 4. As previously
mentioned, the active site changes marginally when the choris-
mate goes from GS to the TS. Thus, the interactions of substrate
and residues in E-TS and E-S are generally alike. The most
important interactions are the hydrogen bonds between Arg-6
and Arg-63* and the two carboxylates. The residues labeled with
* are from the adjacent subunit. These interactions hold the
substrate in a di-axial conformation required for the reaction
and remain in position to bind the TS (Fig. 4b).

Located beneath the TS are the nonpolar residues of the active
site: Phe-57%, Ala-59*, Leu-72%, and Leu-73* (Fig. 4a), which
form a basin to support the substrate. Another nonpolar residue,
Leu-114, hangs over the TS, protruding from the other subunit.
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These two sections of the residues constrain the TS by hydro-
phobic interactions. The interaction distances between these
nonpolar residues and the TS are all ~6 A, as shown in Table 2.
This finding indicates the TS to be in the center of the active site
and with no preference to be closer to any of the nonpolar
residues. The Phe-57*, Ala-59*, Leu-72%, Leu-73*, and Leu-114
nonpolar amino acids function as “bookends” to prevent the
sideways motion of the C16 and C5 atoms in the chorismate from
drifting away from each other.

Charge Distributions for E-S and E-TS. The Mulliken charge distri-
butions of the structures, averaged from the trajectories of the
GS, NAC, and TS in water and TtCM, were obtained by using
single-point energy calculations at the SCCDFTB/MM level
(Table 3, which is published as supporting information on the
PNAS web site). We have found that the charge distributions do
not change much from the GS to TS. The total charges of the six
atoms, C3, C4, C5, 013, C14, and C16, which are involved in the
pericyclic reaction, show remarkable similarity (—0.54, —0.52,
and —0.53 for the GS, NAC, and TS, respectively, in water;
—0.50, —0.51, and —0.56, respectively, in TtCM). The charge
distributions of the chorismate atoms involved in hydrogen

Zhang and Bruice
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Table 2. The geometry properties of the TtCM active site

Property GS NAC TS Product
Interaction distance, A
CHO-Phe-57* 5.35 5.48 5.43 5.50
CHO-Ala-59* 4.94 4.67 5.22 4.73
CHO-Arg-63* 7.94 7.75 8.02 7.82
CHO-Leu-72* 6.22 6.21 6.01 6.28
CHO-Leu-73* 6.48 6.45 6.06 6.58
CHO-Ser-74* 6.24 6.34 6.22 6.34
CHO-Arg-6 6.19 6.28 6.18 6.21
CHO-GIu-77 6.79 6.80 6.67 7.03
CHO-Arg-89 5.20 5.10 5.14 5.09
CHO-Tyr-107 7.37 7.48 7.31 7.33
CHO-Leu-114 5.98 6.00 6.18 6.07
CHO-Arg-115 6.63 6.74 6.22 5.91
RG, A 7.20 7.22 7.23 7.20
Cavity volume, A3 178.36 168.36 162.58 167.38

The interaction distances are defined as the average distances between the
geometric centers of chorismate and the residue side chains that are within 6
A of chorismate. The residues labeled with an asterisk are from the adjacent
subunit. CHO denotes chorismate. RG stands for the radius of gyration of the
heavy atoms of residues within 6 A of chorismate. The cavity volume of the
active site is surrounded by the residues in the vicinity of the chorismate.

bonding with the residues vary marginally from the E-S to E-TS
in the thermophilic enzyme, such as H12 (0.39-0.40), O13
(—0.43 to —0.50), 017 (—0.89 to —0.83), O18 (—0.72 to —0.80),
023 (—0.76 to —0.76), and 024 (—0.88 to —0.85). Particularly,
the Mulliken charge of the O13 atom, which has been considered
to be critical in the enzymatic reaction (23), is —0.44, —0.43, and
—0.50 in the GS, NAC, and TS, respectively, for TtCM. The
electrostatic interactions between O13 and Arg-90 change only
slightly from GS to TS. Comparing the TS in enzyme and water,
it can be seen that the O13 charge is —0.50 in enzyme and —0.51
in water.

Discussion

In previous studies of the chorismate — prephenate reaction in the
Escherichia coli CM (EcCM) using molecular dynamics, thermo-

a b

Fig. 4.

dynamic integration, and 2D QM/MM energy surface methods
(4-6), we have shown that ~90% of the free-energy advantage of
the enzymatic reaction over that in water is caused by the ease of
NAC formation in the active site of enzyme. The free energies for
NAC formation in the six different systems: water, WT EcCM and
E52A mutant, WT BsCM and R90Citrulline mutant, and a catalytic
antibody 1F7, were calculated by using thermodynamic integration
(4). A linear plot (Fig. 6, which is published as supporting infor-
mation on the PNAS web site) of the free energies of NAC
formation (AGnac) for these six reactions vs. the experimentally
determined free energies of reactions (AG¥) shows slope of 1.1,
which implies free energy (AGrs) of NAC to TS is close to being
a constant and the free energies for reaction are a linear function
of the free energy of NAC formation. The free energy for the NAC
formation in the WT CMs was found to be very small, 0.1 kcal/mol
for EcCM and 0.3 kcal/mol for BsCM at 300 K. Our results
obtained by PMF are 0.05 kcal/mol for the WT TtCM at 343 K,
consistent with previous studies of EcCM and BsCM at 300 K. The
free energy for NAC formation is large in water, 8.06 kcal/mol
obtained by PMF, and that by thermodynamic integration is 8.1
kcal/mol. The free energy for NAC formation obtained from the
SCCDFTB/MM simulations with TtCM is in agreement with that
of thermodynamic integration.

The total charges of the six atoms of chorismate involved in the
reaction are maintained around —0.50 in the GS, NAC, and TS.
The charges of atoms change only slightly from the GS to TS. This
feature has previously been observed by Warshel and colleagues
(19). These combined facts suggest that the TS has a marginally
larger negative charge than GS, such that one should not expect a
significant augment of electrostatic stabilization. Thus, small elec-
trostatic stabilization contribution (=10% of experimental vale of
AAG#) to the proficiency of enzymatic reaction was identified.

We have previously shown that chorismate must be in one of
seven defined di-axial conformations to form the reactive NAC (5).
In the present study, we found that SCCDFTB/MM computations
of E-S initiated with di-equatorial chorismate conformers convert
to di-axial in 32 ps, which has also been demonstrated from the
simulations carried out by Karplus and colleagues (24, 25) in the
study of yeast CM. The reports (26, 27) that di-equatorial con-
former serves as reactive conformations lead to the confusion of

Arg63*

Glu77

The structure of the TS. Only chorismate and the nearby residues (within 6 A) are shown: residues involved in hydrophobic interactions (a) and

electrostatic interactions (b). The residues marked by * are from the adjacent subunit. The hydrogen bonds between TS and residues are plotted as yellow dashed

lines along with their distance.
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identifying NAC. The term NAC to recognize conformations, in
which reacting atoms are at van der Waals distance regardless of the
attacking angle, is tantamount to the neglect of required orbital
overlaps for reaction. Contributing to the confusion is a QM/MM
study of a BsCM mutant (28) in which positively charged Arg-90 is
replaced by a neutral citrulline without sampling of the degrees of
freedom for the protein backbone. However, it had been shown
that the mutation is accompanied by rearrangements at the active
site (5).

In a recent report by Hilvert and coworkers (29), a concerted,
albeit asynchronous, enzyme mechanism is supported by kinetic
isotope effect studies of BsCM enzymatic reaction. The secondary
tritium isotope effects on thermal reaction indicate a significant
cleavage of C3-O13 bond but little formation of the C5-C16 at TS.
Hilvert and coworkers’ density functional theory calculations at the
B3LYP/6 -31+G* level predlct Rc5 C16 of 2.66 A and ch 013 of
2.13 A in vacuo. In our SCCDFT/MM approach Res.c16 and Res.
013 have been determined to be 2.55 and 2.00 A in vacuo (6) and
2.37 and 1.94 A in the active site of TtCM, respectively. The
differences of bond breaking and making, obtained by Hilvert and
coworkers (—0.55 A in vacuo) and our studies (—0.53 A in vacuo
and —0.43 A in TtCM) are similar. Such a concerted mechanism
has also been identified by our previous results with EcCM with the
2D QM/MM energy surface method (6).

Hilvert and coworkers (29) have proposed that Arg-90 in BsCM
stabilizes the ether oxygen of chorismate in asynchronous TS (29).
In current simulations of TtCM, the average distances of O13 of
chorismate and NH1 of Arg-89 are 3.06 and 2.83 A for E-S and
E-TS, respectively, and the charges on O13 are —0.44 and —0.50 for
E-S and E-TS, respectively. The interactions of Arg-89 and choris-
mate were evaluated from single-point SCCDFTB/MM energy
calculation, where the only side chain of the Arg-89 and chorismate
were included in the calculations. A link atom was added onto the
CB atom of the Arg-89 side chain to preserve the integrated
electron and structure of the Arg-89 side chain. The average
electrostatic interactions between the Arg-89 side chain and cho-
rismate (AE.) are —197.97 and —198.52 kcal/mol for E-S and
E-TS, respectively. Thus, electrostatic interactions between the
Arg-89 side chain and chorismate contribute 0.55 kcal/mol
(AAE.) to the TS stabilization. The average van der Waals
interactions between the Arg-89 side chain and chorismate (AEyqgy)
are —1.96 and —1.99 kcal/mol for E-S and E-TS, respectively, which
are almost the same. The total contributions of interactions be-
tween the Arg-89 side chain and chorismate to the TS stabilization
are 0.58 kcal/mol.
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The role of the Arg-90 in BsCM has also been studied by the
Arg-90citrulline mutant. The free energy of activation for the
reaction in the BsCM Arg-90citrulline mutant increases by 5.8
kcal/mol after mutation (30). The difference in free energies for
NAC formation in the active site of the mutant and WT BsCM is
3.8 kcal/mol (4.1 and 0.3 kcal/mol for the mutant and WT BsCM,
respectively) (4). Thus, Arg-90 was estimated to contribute 2.0
(5.8-3.8) kcal/mol to TS stabilization in BsCM. The values of the
Arg-90 contribution to the TS stabilization in BsCM obtained by the
mutations are larger than the direct calculation of the interactions
(0.58 kcal/mol) between Arg-89 and chorismate in TtCM, which is
possibly because of the rearrangement of the active site after
mutations.

Conclusion

We have obtained the PMF profiles for the chorismate — pre-
phenate reaction both in water and a thermophilic enzyme by using
the combination of SCCDFTB/MM, umbrella sampling, and the
weighted histogram analysis method. The free energies of activation
were determined from the PMF profile, and the free energies for
NAC formation were calculated from the mole fraction of confor-
mations in the GS present as NAC. Small numbers of the free
energies for NAC formation in different CMs suggest that the GS
is essentially represented by the NAC structure in the active site of
the CM. The contribution of NAC formation to the lowering of
the activation barrier for the reaction in the thermophilic enzyme
is the same (8.01 kcal/mol at the optimum temperature, 343 K) as
in the mesophilic one (8.0 and 7.8 kcal/mol for EcCM and BsCM,
respectively, at 300 K). The TS structures in water and TtCM are
similar. No significant changes in the electrostatic interactions and
the geometry of the active site take place during the chorismate —
prephenate reaction. The Mulliken charges of atoms of the GS and
TS species are very similar. The electrostatic and van der Waals
interactions between the ether oxygen of chorismate and Arg-90 of
0.58 kcal/mol provide minimal TS stabilization. Only a small
electrostatic stabilization contribution to the proficiency of the
enzymatic reaction was identified based on the charge analysis. In
essence, the enzyme proficiency originates from an entropic ad-
vantage of enzyme in forming the reactive GS conformations
compared with water.
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