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Abstract The simulation of enzymatic reactions, using compu-
ter models, is becoming a powerful tool in the most fundamental
challenge in biochemistry: to relate the catalytic activity of
enzymes to their structure. In the present study, various
computed parameters were correlated with the natural logarithm
of experimental rate constants for the hydroxylation of various
substrate derivatives catalysed by wild-type para-hydroxybenzo-
ate hydroxylase (PHBH) as well as for the hydroxylation of the
native substrate (p-hydroxybenzoate) by PHBH reconstituted
with a series of 8-substituted flavins. The following relative
parameters have been calculated and tested: (a) energy barriers
from combined quantum mechanical/molecular mechanical (QM/
MM) (AM1/CHARMM) reaction pathway calculations, (b) gas-
phase reaction enthalpies (AM1) and (c) differences between the
HOMO and LUMO energies of the isolated substrate and
cofactor molecules (AM1 and B3LYP/6-31+G(d)). The gas-
phase approaches yielded good correlations, as long as similarly
charged species are involved. The QM/MM approach resulted in
a good correlation, even including differently charged species.
This indicates that the QM/MM model accounts quite well for
the solvation effects of the active site surroundings, which vary
for differently charged species. The correlations obtained
demonstrate quantitative structure activity relationships for an
enzyme-catalysed reaction including, for the first time, substitu-
tions on both substrate and cofactor. © 2000 Federation of
European Biochemical Societies. Published by Elsevier Science
B.V. All rights reserved.
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1. Introduction

p-Hydroxybenzoate hydroxylase (PHBH, EC 1.14.13.2) is a
flavin dependent monooxygenase catalysing the 3-hydroxyla-
tion of 4-hydroxybenzoate. Such hydroxylations are impor-
tant in the degradation pathway of a wide range of natural
abundant compounds (e.g. lignin) as well as industrial aro-
matic pollutants. The first steps in the reaction cycle involve
binding of the substrate, followed by a two electron reduction
of the flavin cofactor by NADPH and the incorporation of
molecular oxygen to form the C4a-peroxyflavin intermediate.
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Abbreviations: QM/MM, combined quantum mechanics/molecular
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Upon protonation of the distal oxygen of this C4a-peroxyfla-
vin, the C4a-hydroperoxyflavin is formed which performs an
electrophilic attack on the substrate (Fig. 1). The substrate is
activated for this electrophilic attack through deprotonation
of its C4-hydroxyl moiety [1-3]. The initial products formed
are a hydroxy-cyclohexadienone [1,3], which is converted to
3.4-dihydroxybenzoate through keto-enol tautomerism, and a
deprotonated hydroxyflavin, which, after protonation and re-
lease of a water molecule, converts to oxidised flavin.

The attack of the C4a-hydroperoxyflavin on the substrate is
an essential step in the reaction cycle. In previous studies, this
step was proposed to be rate limiting on the basis of correla-
tions of the natural logarithm of the rate constant for overall
conversion of 4-hydroxybenzoate and four of its fluorinated
analogues by PHBH [4] with the calculated (gas-phase) nucle-
ophilic reactivity of these substrates [2], as well as with the
calculated activation energies for hydroxylation [5].

In a recent study, the kinetics of PHBH with a series of
modified flavin cofactors have been investigated and the re-
sults were shown to correlate with Hammett substituent pa-
rameters [6]. A drawback of the Hammett constants is that
they cannot predict the combined effect of substitutions on
both substrate or cofactor. The present study investigates
whether several computational approaches to quantify effects
of substitutions, used in previous studies on substrate ana-
logues [2,5,7], are able to account for variations in both sub-
strate and cofactor within one theoretical model. A combined
quantum mechanical/molecular mechanical (QM/MM) ap-
proach [3,5,8], including the electrostatic and steric influence
of the protein environment on the activation barrier, is com-
pared to gas-phase approaches in which the isolated reacting
species are investigated. The results of the various approaches
are compared to experimental results, including experiments
with substituted substrates and the above mentioned experi-
ments with substituted flavins [6].

2. Materials and methods

2.1. Stopped-flow experiments

2-Fluoro-4-hydroxybenzoate, 3-fluoro-4-hydroxybenzoate, 2,5-di-
fluoro-4-hydroxybenzoate and 3,5-difluoro-4-hydroxybenzoate were
synthesised as described previously [9]. 2,3,5,6-Tetrafluoro-4-hydroxy-
benzoate was purchased from Aldrich. Rate constants for the hy-
droxylation of the fluorinated substrates by PHBH were obtained
by mixing the anaerobic dithionite-reduced enzyme-substrate complex
with buffer containing O, in a stopped-flow apparatus [10]. Reactions
were in 50 mM potassium phosphate, pH 6.5, | mM EDTA, at 4°C.
Flavin absorbance or fluorescence changes were analysed as described
previously, in order to obtain the rate constant for hydroxylation [10].
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2.2. Calculation of activation barriers and reaction energies within the
protein environment

Approximate activation barriers and reaction energies for the hy-
droxylation step with a series of substituted substrates and flavin
cofactors (Table 1) were calculated essentially as described previously
[3]. Reaction pathway calculations were performed on the basis of the
crystal structure of PHBH in complex with substrate, using a QM/
MM potential implemented in CHARMM [8]. The dianionic substrate
and the C4a-hydroperoxyflavin cofactor were treated with semi-em-
pirical AM1 molecular orbital theory [11,12], whereas the steric and
electronic influence of the surrounding enzyme was included by treat-
ing all other atoms molecular mechanically [13]. The AM1 parameters
for sulphur, provided with CHARMM 24bl, were replaced by the
more recently optimised values [14]. All 330 crystal waters were in-
cluded in the model, using the HBUILD routine of CHARMM to
add hydrogen atoms. The 8-hydroxy-FAD and the 8-mercapto-FAD
have been indicated to be deprotonated [6] and were treated as such in
the QM/MM model.

A reaction coordinate r for the electrophilic attack of the C4a-
hydroperoxyflavin on the substrate (Fig. 1) was defined as the differ-
ence between Op—Od interatomic distance and the Od-C3 interatomic
distance, i.e. r =d(Op-0d)—d(Od-C3). To simulate the reaction path-
way, this reaction coordinate parameter was changed in small steps
(0.1 A) leading to the splitting of the Op—Od bond and the formation
of the Od-C3 bond. All atoms within 6 A distance of any QM atom
were optimised for the reactant, product and all intermediate states of
the reaction pathway calculated. This definition of the optimised re-
gion around the active site is slightly different from the definition used
previously [3]. This modification in the protocol was needed to ensure
enough flexibility in the model to properly accommodate the different
substituents at the 8-position of the flavin cofactor.

2.3. Gas-phase calculations

AMI calculations were performed on the various reactant and
product molecules separately, in gas-phase. The results were com-
pared to the QM/MM reaction pathway calculations to obtain insight
into the contributions of the chemical properties of the reactants
themselves to the variation in the reaction and activation energies
with the different substrates and cofactors within the protein. In order
to test the ability of the semi-empirical AM1 method to account for
the effect of substituents on the reactivity of the substrate and cofac-
tors, the variations in the calculated AMI1 energies of the highest
occupied molecular orbital (HOMO) of the various p-hydroxyben-
zoates and the lowest unoccupied molecular orbital (LUMO) of the
Cda-hydroperoxyflavin molecules were compared to B3LYP/6-
31+G(d)//HF/6-31G(d) results.

In the case of ab initio methods, calculations on anions require
basis sets including diffuse functions. Semi-empirical methods, such
as AMI1, use minimal basis sets which do not include diffuse func-
tions. Nevertheless, AM1 often performs well on anionic systems and

Table 1

L. Ridder et al.IFEBS Letters 478 (2000) 197-201

appears to be able to correct for the increased electron repulsion
through the parameterisation [11]. The competence of AMI for
even a dianionic system is illustrated by a recent comparison of
AMI1 with ab initio methods for dianionic oxaloacetate, for which
the AMI results were similar to those from ab initio calculations
including diffuse functions and performed even better than ab initio
methods without diffuse functions [15].

3. Results

3.1. Comparison of calculated QMIMM energy changes with
experimental rate constants

Continuous reaction pathways were obtained for the vari-
ous substrates and cofactors listed in Table 1. The reaction
pathways are comparable with respect to the geometrical
changes and the energy profiles [3]. The energy barriers, i.e.
the energy differences between the initial energy minimum and
the energy maximum of the different profiles, vary between
17.5 and 22.2 kcal/mol (Table 1).

Comparison of these calculated QM/MM energy barriers
with the natural logarithm of the experimental rate constants
for the hydroxylation step shows a good linear correlation
with a coefficient of 0.90 (Fig. 2). In an earlier study, a corre-
lation was found between the calculated QM/MM barrier for
hydroxylation and the logarithm of the overall k¢, for con-
version of the substituted substrates only [5]. The present
results show a similar correlation with the rate constants of
the individual hydroxylation step. More importantly, the cor-
relation is now extended to include substitutions on the co-
factor as well.

3.2. Bronsted relationship between calculated energy barriers
and the calculated energy change of the reaction

The approximate transition states were found at slightly
different values of the reaction coordinate r, as listed in Table
1. Generally the transition state is found at higher (i.e. less
negative) values of r as the energy barrier increases and the
reaction energy becomes less negative. This suggests that an
increase in activation energy corresponds to a more product-
like transition state, in line with the Brensted [16] and Marcus
[17] theories of energy profiles. An excellent linear Bronsted
correlation is observed between the calculated QM/MM en-

Energy differences between reactant and product complexes AE eacion, and between reactant and transition state complexes AE,, of the calcu-

lated QM/MM reaction pathways for the various substrates and 8-substituted cofactors

Substrate 8-Substituted AE caction AE, 8 AEgas—phase Khydrox

flavin (kcal/mol) (kcal/mol) (A) (kcal/mol) s7hH
1 PHB -CHj; —70.10 17.67 —0.50 —139.97 48
2 2-F-PHB -CH; —66.88 18.05 —0.50 —134.14 39
3 3-F-PHB -CHj; —65.68 18.57 —0.49 —132.88 39

4 2,5-F,-PHB -CH; —62.43 18.95 —0.48 —127.17 17.3

5 3,5-F,-PHB -CHj; —61.30 20.71 —0.48 —127.28 24

6 2,3,5,6-F4-PHB -CH; —55.10 22.15 —0.45 —119.48 1.4
7 PHB -H —67.43 17.72 —0.50 —140.24 40
8 PHB -NH, —70.19 17.69 —0.50 —139.24 156
9 PHB -N(CH3), —70.73 17.84 —0.51 —140.66 34
10 PHB -SCH3; —170.41 18.04 —0.50 —141.24 151
11 PHB -Cl —69.18 17.50 —0.49 —143.31 300

12 PHB -0~ —57.86 21.24 —0.46 —71.619 7.6

13 PHB -S~ —63.35 19.60 —0.48 —81.050 14.3

Columns 6-8 present the reaction coordinate values corresponding to the approximate transition states rys, the gas-phase energy differences be-
tween the separate reactant and product molecules and the experimental rate constants for the hydroxylation step (knydrox). Rate constants for

7-13 were taken from [6].
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Fig. 1. Schematic representation of the QM/MM model used to sim-
ulate the electrophilic attack of C4a-hydroperoxyflavin on dianionic
p-hydroxybenzoate, for the various substrates and cofactors listed in
Table 1.

ergy barriers and the calculated QM/MM energy change from
reactants to products for all substrate and cofactor combina-
tions studied (Fig. 3).

3.3. The effect of the active site surroundings on the energy of
the reaction

In order to estimate the effect of the protein environment
on the energetics of the reaction, AM1 calculations were per-
formed to optimise the separate substrate and cofactor mole-
cules in the gas-phase. Fig. 4 shows that the calculated QM/
MM energy differences between the reactant and product
states within the active site of PHBH correlate strongly
(r=0.96) with the energy differences between the separate re-
actant and product molecules in gas-phase, except for the
deprotonated 8-hydroxy-FAD and the 8-mercapto-FAD.
With the deprotonated cofactors, the energy differences be-
tween the separate reactant and product molecules in gas-
phase are less negative than the gas-phase energy differences
obtained for the other substrate—cofactor combinations. This
may well be explained by the fact that the C4a-hydroxyflavin
product molecule is one atomic charge unit more negative
than the C4a-hydroperoxyflavin reactant molecule. In the
case of the deprotonated §-hydroxy-FAD and the §-mercap-
to-FAD cofactors, the total charge changes from —le to —2e
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Fig. 2. Linear correlation between the logarithm of the experimental
rate constants for the hydroxylation step (knyarox) and the energy
barriers obtained from the QM/MM reaction pathway calculations
with the various substrate and cofactors. Labels according to Table
1.
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Fig. 3. Linear Bronsted correlation between the energy barriers and
the reaction energies of the QM/MM reaction pathway calculations.
Labels according to Table 1.

upon the electrophilic reaction with the substrate, instead of
changing from 0 to —le as with the other cofactors. The
dianionic 8-hydroxy-C4a-hydroxyflavin and the 8-mercapto-
C4a-hydroxyflavin product molecules are relatively unstable
due to electronic repulsion.

However, this strong effect present in gas-phase does not
appear to be representative for the situation within the active
site. of PHBH. Fig. 5 shows that the calculated gas-phase
energy differences for the reactions with the 8-hydroxy-flavin
and the 8-mercapto-flavin cofactors deviate from the Bronsted
correlation with the experimental rate constants. Within the
actual protein surroundings, the strong effect of the negatively
charged substituents on the reaction energy may in fact be
reduced by solvation effects, including specific hydrogen
bond interactions, polarisation and dielectric screening. The
reaction pathway calculations show that this effect of the pro-
tein surrounding is accounted for to a quite reasonable extent
in the QM/MM calculations. This can be concluded from the
fact that the barriers calculated with 8-hydroxy-FAD and the
8-mercapto-FAD fit well in the correlations shown in Figs. 2
and 3. In the QM/MM models, based on the crystal structure,
the 8-substituents are surrounded by a couple of water mole-
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Fig. 4. Linear correlation between the reaction energies of the QM/
MM reaction pathways and the AMI1 energy difference between the
separate reactants and products in gas-phase. Labels according to
Table 1. The open circles represent the differently charged hydroxy-
flavin and mercaptoflavin cofactors which are not included in the
linear regression.
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cules. In case of 8-hydroxy-FAD and the 8-mercapto-FAD,
these water molecules clearly interact with (and stabilise) the
negatively charged 8-O~ and the 8-S~ substituents. This could
be one of the features of the active site environment reducing
the unfavourable influence of the negative substituents on the
reaction energy.

Nevertheless, the correlation in Fig. 4 indicates that, for the
similarly charged substrates and cofactors, the variation in the
QM/MM calculated energy change of the reaction (and thus
the variation in the activation energies (Fig. 3) and the rate
constants for hydroxylation (Fig. 2)) is dominated by the
chemical properties of the substrates and cofactors themselves
and not by specific interactions with the PHBH environment.
Thus, the calculated energy difference between separate reac-
tant and products molecules in gas-phase is a good parameter
for the enzyme activity with different substrates and cofactors
(Fig. 5) as long as they have the same molecular charge.

3.4. Prediction of activation energies and rate constants on the
basis of the difference between HOMO and LUMO
energies in the reactant complex

In a previous study, it was argued that the electrophilic
attack of the C4a-hydroperoxyflavin on the substrate could
be described in terms of frontier orbital interactions [3]. This
implies that the variation in activation energies should relate
to the differences in the HOMO and LUMO energies of the
substrate and cofactor, respectively, in accordance with fron-

tier orbital theory [18]. A high HOMO energy indicates a

strong nucleophilic reactivity, whereas a low LUMO energy

indicates a strong electrophilic reactivity. Fig. 6a,b shows a

correlation of the natural logarithm of the rate constants for

hydroxylation with the energy difference between the HOMO
of the substrate molecules and the LUMO of the C4a-hydro-
peroxyflavin molecules in gas-phase calculated with the AM1
and B3LYP/6-31+G(d)//HF/6-31G(d) methods. The correla-
tions show that the gas-phase HOMO and LUMO energies
are indeed useful parameters to quantify the nucleophilic and
electrophilic reactivity of substrate and cofactor, respectively,
and to predict variation in activation barriers, as long as sim-
ilarly charged species are involved. The LUMO energies for
the 8-hydroxy and the 8-mercapto cofactor molecules are sig-

6
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Fig. 5. Linear correlation between experimental rate constants for
the hydroxylation step (Knydrox) and the AMI1 energy difference be-
tween the separate reactants and products in gas-phase. Labels ac-
cording to Table 1. The open circles represent the differently
charged hydroxyflavin and mercaptoflavin cofactors which are not
included in the linear regression.
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Fig. 6. Linear correlation between the experimental rate constants
for the hydroxylation step (Knydrox) and the difference between the
HOMO energy of the isolated substrate and the LUMO energy of
the isolated cofactor calculated in gas-phase using (a) AM1 and (b)
B3LYP/6-31+G(d)//HF/6-31G(d). Labels according to Table 1. The
open circles represent the differently charged hydroxyflavin and mer-
captoflavin cofactors which are not included in the linear regression.

nificantly higher than the LUMO energies for the other co-
factors, indicating that the negatively charged substituents on
the flavin ring in these cases make the C4a-hydroperoxyflavin
less reactive as electrophile. In analogy to the effects described
above, the influence of the negative O~ and S~ substituents
seems to be smaller within the active site compared to the
situation in vacuum, probably due to differential solvation
effects for differently charged species.

The similarity between the correlations obtained with the
AM1 orbital energies and with the more sophisticated B3LYP
calculations indicates that AM1 accounts quite accurately for
the effect of the substituents on the nucleophilic and electro-
philic reactivities of the p-hydroxybenzoate substrate and the
C4a-hydroperoxyflavin cofactor, respectively.

4. Discussion

Computer simulations of enzymatic reactions are becoming
increasingly important in understanding the catalytic activity
of enzymes on the basis of their structure. Ultimately, it
should be possible to predict a rate constant of a given enzy-
matic reaction on the basis of a three-dimensional structure of
the enzyme and substrate [19]. The present study compares
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gas-phase models and QM/MM models of an enzymatic re-
action, with respect to their ability to explain the variation in
the rate of a specific enzyme-catalysed reaction step, with
different cofactors and substrates. For the model enzyme of
the present study, PHBH, the structure activity relationships
described so far either involve only structural variations in the
substrate, e.g. a series of fluorinated p-hydroxybenzoate ho-
mologues [2.4,5], or include only structural variations in the
flavin cofactor [6]. To our knowledge, the present study dem-
onstrates for the first time a quantitative structure activity
relationship for an enzyme-catalysed reaction including sub-
stitutions on both substrate and cofactor.

It is demonstrated that the reactivities of cofactor and sub-
strate can be predicted on the basis of several parameters.
First, the HOMO and LUMO energies calculated for the sub-
strates and cofactors, respectively, both at the AM1 and
B3LYP/6-31+G(d) levels, are shown to be useful parameters
for their reactivity (Fig. 6a,b). Second, the calculated energy
differences between the separate reactant and product mole-
cules, using AM1, appear to be a useful parameter as well
(Fig. 5). However, these two parameters are valid only for
similarly charged species, as illustrated by deviations from
the correlations (Figs. 4-6) for the negatively charged 8-hy-
droxy-flavin and the 8-mercapto-flavin cofactors. The effect of
replacement of a neutral group by a charged substituent on
molecular properties in a solvent or protein environment often
cannot be correctly predicted by parameters derived from gas-
phase calculations, due to differential solvation effects on dif-
ferently charged compounds [20].

A powerful feature of the QM/MM method is that it in-
cludes to a certain extent the solvation effects on the reacting
species within the active site of the enzyme. It is promising to
observe that, without further calibration of the standard pa-
rameters involving the interaction of the MM solvent mole-
cules with negatively charged oxygen and sulphur atoms in
the QM system, this differential solvation effect is modelled
reasonably accurate in the present QM/MM model.
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