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Abstract: A combined quantum mechanical and molecular mechanical (QM/MM) method (AM1/CHARMM)
was used to investigate the mechanism of the aromatic hydroxylation of phenol by a flavin dependent phenol
hydroxylase (PH), an essential reaction in the degradation of a wide range of aromatic compounds. The model
for the reactive flavin intermediate (C4a-hydroperoxyflavin) bound to PH was constructed on the basis of the
crystal structure of the enzymsubstrate complex. A potential energy surface (PES) was calculated as a
function of the reaction coordinates for hydroxylation of phenol (on C6) and for proton transfer from phenol
(O1) to an active-site base Asp54 (OD1). The results support a reaction mechanism in which phenol is activated
through deprotonation by Asp54, after which the phenolate is hydroxylated through an electrophilic aromatic
substitution. Ab initio test calculations were performed to verify these results of the QM/MM model. Furthermore,
the variation in the calculated QM/MM activation energies for hydroxylation of a series of substrate derivatives
was shown to correlate very weRE 0.98) with the natural logarithm of the experimental rate constants for
their overall conversion by PH (25C, pH 7.6). This correlation validates the present QM/MM model and
supports the proposal of an electrophilic aromatic substitution mechanism in which the electrophilic attack of
the C4a-hydroperoxyflavin cofactor on the activated (deprotonated) substrate is the rate-limiting step at 25
and pH 7.6. The correlation demonstrates the potential of the QM/MM technique for predictions of catalytic
activity on the basis of protein structure. Analysis of the residue contributions identifies a catalytic role for the
backbone carbonyl of a conserved proline residue, Pro364, in specific stabilization of the transition state for
hydroxylation. A crystal water appears to assist in the hydroxylation reaction by stabilizing the deprotonated
C4a-hydroxyflavin product. Comparison of the present results with previous QM/MM results for the related
p-hydroxybenzoate hydroxylase (Ridder ethlAm. Chem. Sod.998 120, 7641-7642) identifies common
mechanistic features, providing detailed insight into the relationship between these enzymes.

Introduction flavin intermediate, formed by reduction of the FAD cofactor
by NADPH, subsequent incorporation of molecular oxygen and
protonation of the resulting peroxide moiety. The C4a-hydro-
peroxyflavin is proposed to react with the phenolic substrate
via an electrophilic aromatic substitution mechanism, which
results in the formation of a cyclohexadienone as the initial
reaction product. The cyclohexadienone is converted non-
enzymatically into the catechol product via ketenol tautom-
erisation?

Theoretical analysis on the basis of the 3D structure of
enzymes is becoming increasingly important in providing
additional information on their reaction mechanismy.A
powerful approach to simulate reactions within large molecular
systems is to combine quantum mechanical (QM) and molecular
mechanical (MM) methods. The combined QM/MM approach
allows the part of the system directly involved in the chemical
reaction to be described by quantum mechanics, while the

(5) Warshel, A.; Levitt, M.J. Mol. Biol. 1976 103 227-249.

Flavin-dependent phenol hydroxylase (PH) catalyzes the
hydroxylation of phenol, specifically at tr@tho position. This
is an important step in the microbial degradation pathway of
aromatic compounds including lignin, the main constituent of
wood and therefore one of the most abundant natural com-
pounds. The PH reaction leads to the formation of catechol,
the aromatic ring of which can be cleaved subsequently by
catechol dioxygenases. In addition to the parent substrate,
various substituted phenols are hydroxylated by the enzyme,
including fluorophenols, chlorophenols, aminophenols, nitro-
phenols, dihydroxybenzenes, and crésélAs a result, the
reactions catalyzed by PH are also important for degradation
and detoxification of a large group of aromatic pollutants of
industrial origin.

Transient kinetic studies on phenol hydroxyfasapport a
catalytic mechanism which proceeds via a C4a-hydroperoxy-
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environment is described by (computationally cheaper) molec-

ular mechanics. In previous studi®¥,a QM/MM approach was

J. Am. Chem. Soc., Vol. 122, No. 36, 208029

each dimer, two different conformations of the flavin are present in
the two monomers: the so-called “in” (chains C and D) and “out”

used to study the aromatic hydroxylation step catalyzed by (chains A and B) conformations. In analogy to the conclusions of a

p-hydroxybenzoate hydroxylase (PHBH), which is both struc-
turally and functionally related to P#! This QM/MM simula-

number of studies on PHB° the “in” conformation is expected to
represent the conformation in which substrate hydroxylation can occur.

. . . S . o Therefore, one of the subunits in the crystal structure in which the flavin
tion provided detailed insight into the electrophilic attack of is in the “in” conformation (chain C) was chosen as the starting point

the C4a—hydroperoxyﬂavm on the SubStr"f‘te’ catalyzeq by PHBH, for building a model for the C4a-hydroperoxyflavin intermediate of
and the importance of substrate activation through its deproto- phenol hydroxylase in complex with substrate. The model consists of
nation. all protein atoms of the monomer, in which the active site is completely
In the present study, the equivalent step in the reaction cycle buried, and inaccessible to solvéhfThe flavin cofactor, present in

of phenol hydroxylase is investigated by a similar QM/MM the crystal structure in its oxidized state, was modified to the reactive
approach, which was shown to be valid and useful for this type C4a—hydr_operoxyf|avin_ intermediate by superimposing coordinates of
of reaction in our previous studyThe first objective was to &1 experimentally derived model of the C4a-hydroperox¥flé%ﬁ1,
study the reaction mechanism of hydroxylation in PH in atomic Usind the algorithm of Kabséhimplemented by Schreuder et&Forty
detail, to identify some important catalytic features. A com- crystallographic waters within a 16 A sphere around the distal oxygen

. f 1h | btained f ith th | f of the C4a-hydroperoxyflavin were included. Hydrogen atoms on these
parison of the results obtained for PH with the results of our crystal water molecules were built using the HBUILD routine in the

earlier studies on the homologous step in PHBH provides cyarRMM molecular mechanics package version 23b1.

detalle_d '_ns'_ght |_nt0 some _remarkable similarities _aS well as Several ionizable side chains are present in the active site of phenol
some intriguing differences in the structure and function of these pygroxylase. A correct assignment of charges on ionizable side chains
two related enzymes. The second objective was to investigatejs of importance for the QM/MM calculations described below, since
whether the energy barriers calculated for the hydroxylation stepthe MM point charges influence the electron density distribution in
by PH could be related quantitatively to experimental overall the QM system. Information about protonation states of ionizable side
rate constants for the conversion of a series of phenol deriva-chains is not directly provided by the crystal structure. Histidine side
tives! Such correlations are important to assess the potential chains are a particular problem as theftjs can have values below
of QMMM simulations for the prediction of the catalytic 270 S8 e B el b, e e sie istidines in
properties of enzymes Wlth respect to new supstlgates. PH, His116, His189, His 360, and His362, were selected essentially

An unanswered question about the mechanism of hydroxy-

L . . ) i Y™ as described by Mulholland and Richard3he various possible
lation in PH is how substrate is activated toward reaction with protonation states were tested by applying (QM/MM) geometry

the hydroperoxyflavin cofactor, the key step in the hydroxylation optimization as described in the next section. All four histidines
process. For PHBH, a number of studfes* provide evidence  remained closest to their crystal coordinates when treated in their
for a mechanism in which the hydroxyl moiety of the substrate neutral states with a proton on NE1. These neutral states were there-
becomes deprotonated upon binding, which activates thefore used in further calculations. Likewise, when Lys365 was treated
substrate for an electrophilic attack by the hydroperoxyfla¥in. ~as protonated, the structure became altered due to a hydrogen bond
The previous simulation of this reaction step indicated that |nteract|or_1 (not p_resent in the crystal structure) between the charged
deprotonation of the substrate does indeed significantly lower -YS365 side chain and the backbone carbonyl of Pro364. Lys365
the activation energy for hydroxylatiér?lt is not clear whether was therefore modeled in its neutral state in which it kept its crystal
a similar deprotonation of substrate 6ccurs in phenol hydroxy- structure conformation (being a good hydrogen bond acceptor for
| protor " St o phenol hy Br/] Tyr33e).

szgizggﬂsHe)e(ai;mg?;Sitlgcrjllgl?ttrealt p?é:or?a?lejgz[{gﬂ'[:oagszrto the An essential aspect of the model is the protonation state of phenol

. : . and of two residues with which the hydroxyl group of phenol appears
in analogy to results previously obtained for PHBHhe proto- to form hydrogen bonds, Asp54 and Tyr289. It is expected that these

nation state of the phenol substrate in the active site is expectechydrogen bonds in the crystal structure of the oxidized state are also
to influence its susceptibility to electrophilic attack by the C4a- present during the hydroxylation step. Furthermore, the presence of
hydroperoxyflavin. The crystal structure of PH indicates the the two hydrogen bonds would imply that (only) one of the three
presence of a hydrogen bond between the hydroxyl moiety of ionizable groups could be deprotonated. Since Asp54 is potentially the
the substrate and a potential active-site base, Asp54. ThereforeMost acidic of the three, the electronic state with a deprotonated Asp54
the possibility of proton transfer from the phenol substrate (Figure 1) is chosen as the initial model. However, deprotonation of

. . . } phenol would be expected to activate this substrate for the electrophilic
molecule to Asp54 was included in the present simulation. attack by the C4a-hydroperoxyflavin. Therefore, the possibility of proton

transfer from phenol to Asp54 was included in the subsequent
simulations. For this reason, part of the Asp54 side chain was included
in the quantum mechanical region of the model as described in the
next section. The situation in which Tyr289 is deprotonated is

considered unlikely to be of physiological relevance and was therefore
not investigated.

Methods

Construction of the Protein Model for The C4a-hydroperoxy-
flavin Intermediate of Phenol Hydroxylase. The crystal structure of
PH from Trichosporon cutaneurin complex with substraté (PDB
entry code 1FOH) contains two homodimers in the oxidized state. In

(10) Ridder, L.; Mulholland, A. J.; Rietjens, I. M. C. M.; Vervoort,1.
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C. Eur. J. Biochem1992 206, 479-484.

(16) Peelen, S.; Rietjens, I. M. C. M.; Van Berkel, W. J. H.; Van
Workum, W. A.; Vervoort, JEur. J. Biochem1993 218 345-353.

3101-3108.
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W. A. M. Biochemistry1986 25, 8062-8067.
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8730 J. Am. Chem. Soc., Vol. 122, No. 36, 2000 Ridder et al.

ASp54 cofactor on the C6position of the substrate was assumed to be of
AN H72 H73 H81 g5 physiological relevance. The reaction coordinate for this stgy) (vas
054/002 \C / \ / defined asron = d(Op—0d) — d(Od—C6). This definition of the
L™ CaM, reaction coordinate is identical to the definition successfully used in a
LG H71 C7—cs H83 previous simulation of the equivalent reaction step in PHBHhe
oD2 OD1 reaction coordinaterg) for proton transfer from the Obf phenol to
© H6—C6 C9—H9 OD1 of Asp54 was defined ag = d(O1—H1') — d(H1'—OD1). The
reaction coordinate restraints were applied using the CHARMM
H1L C5a—C9a QQ1 RESDistance commartd.
or / \ . Initial Optimization and Solvation of the Simulation System. The
| H5—N3 N10+C1\ QM/MM model was initially optimized with the two reaction coordi-
H2! C1; Heé' nates of interest harmonically restrainéd< 5000 kcal mol* A-2) to
e’ Noe Od—Op—C4a—C1g FAD their midpoint values, that is)r/,OH =TIy =d:§), which is equivale)nt to
|| | Hd 04=C4 N1 d(Op—0d) = d(Od-C6) and d(O1'—-H1) = d(H1'—0OD1). This
PN 5. required 1281 steps of ABNR minimization (gradien©.01 kcal mot*
H3 c4' H5' N3—C2 A-1). The structure thus obtained represents a midpoint of the potential
| / N\ energy surface to be calculated as described in the next section. This
H4' H3 02 midpoint structure was first solvated as follows. Fifteen water molecules

Figure 1. The QM region of the present model for the C4a- Wwere added by superimposing an equilibrated box of TIP3P waters and
hydroperoxyflavin intermediate in the PH reaction cycle. MM atoms removing all waters further than 16 A away from the center of the
are labeled in italics. Bonds crossing the QM/MM boundary are replaced active site region or having an oxygen atom within 2.6 A of another
by bonds to link atom&, QQ1 and QQ2, in the QM system. non-hydrogen atom. To equilibrate the solvent (including crystal waters)
within the protein, 26 ps of stochastic boundary molecular dynamics
Application of the AM1I/CHARMm 22 QM/MM Potential. The (SBMD)? were performed at 300 K with the protein atoms fixed (at
flavin ring, the substrate, and the side chain of Asp54 (a total of 49 their optimized positions) and with MM point charges on the QM atoms
atoms) were treated quantum mechanically (Figure 1) with the semi- derived from a fit to the (AM1) electrostatic potential around the isolated
empirical (closed shell) AM1 Hamiltoniait:?® All other atoms of the QM atoms® Cooling from 300 ¢ 0 K was performed during another
complete subunit (6628) were treated at the molecular mechanical level,6 ps of SBMD. The solvation procedure (superimposing an equilibrated
using the CHARMm 22 “united atom” force field (polar hydrogens box of TIP3P waters and removing all waters further than 16 A away
only)26 Two types of nonbonded interactions between the QM and from the center of the active-site region or having an oxygen atom
MM atoms are accounted for. Classical VDW terms are used to include within 2.6 A of another non-hydrogen atom) was then repeated, resulting
steric effects between the QM and MM atoms, whereas the electronic in the addition of three more water molecules. In a next step, 250 steps
interactions are accounted for by including the MM point charges (as

atomic “cores”) in the Hamiltonian for the QM systéfiThe covalent
bonds, which cross the boundary between the QM and MM regions,
were treated by introducing so-called link atoms, which are included
in the QM system as hydrogen atoAisThe same QM/MM potential
has been applied successfully in previous stutit¢8 The QM region

has a total charge of le. A dielectric constant of 1.0 was used for all
MM and QM/MM electrostatic interactions. An approximate correction
for dielectric screening in the MM and QM/MM electrostatic interac-
tions was applied through the use of a 16 A nonbonded cutoff. The

of ABNR minimization were applied to optimize the positions of the
water molecules within the (frozen) protein.

This solvated system was again fully optimized (gradien©.01
kcal mol*A-1, requiring 1046 steps of ABNR minimization) with all
the active site atoms free to move, using the boundary and reaction
coordinate restraints and the QM/MM potential as described above.
The complete model consisted of substrate, the C4a-hydroperoxide form
of FAD, all 656 amino acid residues, 40 crystal water molecules and
18 newly built water molecules.

Calculation of a Potential Energy Surface. Starting from this

electrostatic interactions were smoothly scaled down to zero over the solvated QM/MM model a potential energy surface was calculated on

11 to 16 A distance range, using a group-based switching funétion.

a grid by restraining the two reaction coordinates. The reaction

All QM atoms were treated as one group to ensure that the MM charges coordinate for hydroxylationr6) was harmonically restrained with a

were treated consistently in the Hamiltonian for the QM atoms, that
is, all QM atoms “feel” the same MM charges.

Throughout the calculations, all atoms within a 16 A active-site
region around the distal oxygen of the C4a-hydroperoxyflavin (Od)
were optimized. Atoms outside this active site region were fixed. All
non-hydrogen atoms within a 14 A to 16 A buffer-zone were

force constant ok = 5000 kcal mol* A2, and was varied between
—2.0 and+2.0 Ain steps of 0.2 A. The reaction coordinate for proton
transfer () was harmonically restrained, using the same force constant
as used for restraining the hydroxylation reaction, and was varied
between—1.0 and +1.4 A. All water atoms were harmonically
restrained to their initial optimized positions, using a mass-weighted

harmonically restrained to their crystal coordinates with force constants force constant of 0.1 kcal mol A~2 to prevent discontinuous changes

based on model averadgfactorg® and scaled from zero at 14 A to
maximum at 16 A away from the center of the active site region (Od).
Definition of the Reaction Coordinates for Hydroxylation and
Proton Transfer to Asp54. The two reaction coordinates of interest
are the electrophilic attack of the distal oxygen Od of the C4a-
hydroperoxyflavin on the substrate and the proton transfer from O1
of the substrate to OD1 of Asp54. In the PH structure, the position of
one of the two carbon centers (06 the crystal structureyrtho with
respect to the hydroxyl moiety is much closer to the distal oxygen of
the flavin peroxide than the other (Cih the crystal structure).
Therefore, only the electrophilic attack of the distal oxygen of the

(24) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
Am. Chem. Sod 985 107, 3902-3909.

(25) Dewar, M. J. S.; Zoebisch, E. Q. Mol. Struct. (THEOCHEM)
1988 180, 1—21.

(26) QUANTA 1993; Molecular Simulations Inc.: 200 Fifth Ave.,
Waltham, MA 1993.

(27) Field, M. J.; Bash, P. A.; Karplus, M. Comput. Cheni99Q 11,
700-733.

(28) Brooks, C. L., Ill; Karplus, MJ. Mol. Biol. 1989 208 159-181.

in the solvent configuration. At each gridpoint, up to 303 steps of ABNR
minimization were performed, starting from the geometry of a
neighboring grid point, until the gradient became less than 0.02 kcal
mol-* A-1. The approximate stationary points on the surface, that is,
minima (corresponding to intermediates) and saddle points (corre-
sponding to approximate transition states), were determined more
precisely by performing additional geometry optimizations with only
one (for saddle points) or neither (for minima) of the reaction
coordinates restrained. The reaction coordinate values that correspond
to the approximate transition statgdS) were determined to 0.01 A
precision.

Validation of the AM1 Method. The present QM/MM model treats
the substrate, the flavin ring and the carboxylate moiety of the active
site base, Asp54 quantum mechanically (Figure 1), using the semiem-
pirical AM1 method. To test the adequacy of this semiempirical method

(29) Eurenius, K. P.; Chatfield, D. C.; Brooks, B. R.; Hodoscek|M.
J. Quantum Chenil996 60, 1189-1200.

(30) SPARTAN, v5.1; Wave Function Inc.: 18401 Von Karman Avenue,
Suite 370, Irvine, CA 92612.
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Figure 2. Transition state models (a) for the hydroxylation reaction
in which the C4a-hydroperoxyflavin cofactor is replaced by methyl-
peroxide, and (b) for proton transfer from phenol to Asp54.

for the reactions of interest, its performance for small model systems
was compared to higher level ab initio methods. For the hydroxylation
reaction a model system was investigated in which the C4a-hydro-
peroxyflavin is replaced by methyl peroxide (Figure 2a). The second
reaction of interest, proton transfer from phenol to Asp54, was tested
with a small model system consisting of phenol and acetic acid (Figure

2b). Reactants, transition states, and products were optimized in the

gas phase using Gaussia#98nd Spartan 5.3 The AM1 results are
compared to results from ab initio HF and MP2 calculations and density
functional B3LYP calculations using the 6-8G(d) basis set.

Amino Acid Decomposition Analysis.To identify important active-

J. Am. Chem. Soc., Vol. 122, No. 36, 208031

QM/MM energy minimization was applied using the same geometry
restraints as used for phenol. For the transition state, the reaction
coordinateroy was varied to find the approximate transition-state to
0.01 A accuracy with respect tey (similar to the procedure with the
native substrate). The energy barriers were calculated as the energy
difference between the reactant and transition state structures thus
obtained. For the asymmetrically substituted substrates these calculations
were performed for the two possible orientations.

Correlation of Calculated Energy Barriers with Experimental
Rate Constants. The calculated QM/MM energy barriers were
compared with experimental rate constants for enzymatic conversion
of the different phenols by PH[Four of the substrate derivatives
investigated by Peelen et ‘alvere not included in the present study.
The Ku(NADPH) values with these substrates appeared to be signifi-
cantly higher than with the other substrates which makegdhealues
derived from these experiments (with [NADPH Ku(NADPH))
inaccurate.] On the basis of the Arrhenius equation, a linear correlation
of the natural logarithm of the experimental rate constants with the
calculated barriers is expected, if the hydroxylation step is indeed rate-
limiting:

kcat= A e_EaC{RTe In kcat O _Eact

In the case of the asymmetric substrates two different orientations of
the substrate, and therefore two different reactions, are relevant. For
these substrates, the average values of the two calculated energy barriers
were used in the correlation with the logarithm of the experimental
rate constants for overall conversibA more sophisticated approach

to calculate apparent energy barriers, based on the calculated barriers
for the two orientations and on experimental product ratios, is given in
the Supporting Information.

Results
Potential Energy Surface.Figure 3 presents the QM/MM

site residues, an energy decomposition analysis was performed, with apotential energy surface as a function of both reaction coordi-

procedure similar to those used previously®3233The contributions
of individual MM residues to the total QM/MM energy barriers, and

to the energy differences between the reactant and product states, wer

determined for the proton transfer as well as the hydroxylation reaction.

The analyses start from the energy difference between the reactant an
the transition states, or the reactant and the product states, without the

nates, obtained from the grid of geometry optimizations. From
the potential energy surface six approximate stationary points

vere identified and determined more precisely by performing

dditional geometry optimizations: the phenol complex, the
ransition state for proton transfer (J&on, the phenolate

MM protein environment included. Then, one by one, the amino acid COMPlex, the transition states for hydroxylation of phenol

residues are included in the energy difference calculation in order of

(TSpheno) @and phenolate (TsRenolaty, @and the cylcohexadienone

increasing distance between their center of mass (COM) and the distalproduct complex (Figure 4).

oxygen of the hydroperoxyflavin. The effect of an (MM) residue on
the total QM/MM energy difference gives an approximate and
qualitative indication of its influence on the energy of the reaction in
the active site of PH.

Calculation of Energy Barriers for Substituted Phenols. In
addition to the calculations with the native substrate, relevant points

on the potential energy surface, that is, the phenolate and transition-
state complexes, were calculated for a series of 15 phenol derivatives .

with fluoro- and chloro-substituents, which are known to be substrates

The product complex, in which His on Asp54, is the most
stable state on the calculated energy surface. This indicates that
the proton H1 does indeed shift from phenol to Asp54
somewhere in the overall reaction. It is apparent that the
potential energy surface does not support a concerted mecha-
nism, that is, a mechanism in which hydroxylation and proton
transfer occur at the same time. This would be the case if a
single transition state (e.g., a saddle point in the center region

for PH2 These calculations started from the relevant structures obtained Of the potential energy surface in Figure 3) connected the
for phenol, in which phenol was replaced by the substituted substrates.phenot-C4a-hydroperoxyflavin complex to the deprotonated

(31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A. J,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. &aussian98revision A.6; Gaussian, Inc.:
Pittsburgh, PA, 1998.

(32) Lyne, P.; Mulholland, A. J.; Richards, W. G. Am. Chem. Soc.
1995 117, 11345-11350.

(33) Cunningham, M. A.; Ho, L. L.; Nguyen, D. T.; Gillilan, R. E.; Bash,
P. A. Biochemistry1997 36, 4800-4816.

cyclohexadienoneC4a-hydroxyflavin complex. Instead, two
stepwise reaction pathways are possible. One possible reaction
pathway is the hydroxylation of the neutral phenol, directly
followed by transfer of a proton from the product to Asp54. In
the alternative reaction pathway, first the proton ftbtm the
hydroxyl moiety of phenol is transferred to Asp54, after which
hydroxylation of the phenolate takes place.

Table 1 presents the energies, relative to the phenol complex,
and some important atomic distances in the various optimized
structures. It can be seen from Table 1 that direct hydroxylation
of phenol corresponds to an energy barrier of about 36 kcal/
mol. It is apparent from Figure 3 that the direct hydroxylation
of phenol itself does not result in an intermediate (i.e., a
minimum) with the H1still on O (represented by the scheme
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Figure 3. QM/MM potential energy surface as a function of the two reaction coordimates: d(Op—0Od) — d(Od—C6) andry = d(O1' —H1')
— d(H1'—OD1asps4), Obtained by interpolation of the energies of all optimized intermediate structures (using Microsoft Excel 97).

labeled “unstable” in Figure 3). Rather, the positively charged of phenolate. The QM/MM energy differences between the
cyclohexadienol is very unstable, and the' hbtoton would phenol and phenolate complex (Figure 5), between the phenolate
spontaneously shift to Asp54, without crossing an energy barrier.complex and the Tgpenolate (Figure 6a) and between the
The alternative reaction pathway first encounters an energy phenolate and product complex (Figure 6b), are plotted as a
barrier for proton transfer of only 6 kcal/mol after which the function of the amino acids included (in order of the distance
barrier for hydroxylation is 24 kcal/mol. Thus, the potential of their center of mass (COM) to the center of the simulation
energy surface suggests the latter reaction pathway to be mossystem). Combining the data from Table 1 and Figures 5 and
favorable. The hydroxylation of phenolate (after the pitbton 6, a number of catalytic features of PH with respect to
has been transferred to Asp54) does result in a stable producthydroxylation and proton transfer to Asp54 are identified.
Analysis of the bond lengths (Table 1) and the Mulliken charge  First, a hydrogen bond interaction appears to exist between
distribution (Supporting Information) in the QM system for the the hydroxyl hydrogen of Tyr289 and Odf phenol in the initial
various intermediate structures indicates that this product of the phenol complex (Table 1). This hydrogen bond is expected to
hydroxylation of phenolate is a cyclohexadienone. This follows, be important for binding the substrate. Upon proton transfer to
first of all, from a decrease in the C2C3, C4—C5, and C1— Asp54 leading to the formation of the phenolate complex, the
012 bond distances and a lengthening of the other substra@ C  hydrogen bond distance between Tyr289 and thé @lhe
bonds (Table 1, columns-57). Second, a significant decrease substrate decreases from 1.88 to 1.80 A, indicating a stabilization
in the negative charge on Offrom —0.64eto —0.3%) indicates of the negative charge on Ofwhich increases from-0.3%to

its transition from a deprotonated hydroxyl oxygen in the —0.64e according to Mulliken analysis). This interpretation is
phenolate complex to a carbonyl oxygen in the product complex. in line with the effect of Tyr289 on the energy change upon
In total, —1le charge is transferred from the substrate to the flavin proton transfer as observed in the energy decomposition analysis
cofactor. The resulting formal charge on the proximal oxygen for this step presented in Figure 5. The analysis indicates a
is delocalized over the flavin ring. Altogether, the results for stabilization of the phenolate complex by Tyr289 by about 3

the hydroxylation of phenolate are in agreement with an

electrophilic aromatic substitution type of mechanism.
Active-Site Interactions. Various results obtained from the

present QM/MM model provide information about the interac-

kcal/mol, relative to that of the phenol complex. During
subsequent hydroxylation of the phenolate, the hydrogen bond
distance between Tyr289 and ‘Cdf the substrate increases,
which can be explained by the fact that the negatively charged

tions between the QM and MM regions, and how these hydroxyl oxygen (0.64e by Mulliken analysis) formally
interactions change during reaction processes. Table 1 (lowerbecomes a neutral carbonyl oxygerQ(3% by Mulliken
section) lists some important interatomic distances between QM analysis) which forms a weaker hydrogen bond with Tyr289.
and MM atoms, which represent hydrogen bonds in the various This is in accordance with Figure 6, which indicates that Tyr289
intermediates. Changes in the hydrogen bond distances indicaténcreases the energy barrier for hydroxylation by about 3 kcal/
changes in the strength of these interactions, which are oftenmol (Figure 6a) and makes the overall energy change of the
caused by the changes in the electronic structure (e.g., chargeeaction approximately 7 kcal/mol less negative (Figure 6b).
distribution; details available in the Supporting Information) of A second remarkable interaction can be identified between
the QM system. More quantitative information about the the backbone carbonyl oxygen of Pro364 and the Od-Hd moiety.
interactions between MM residues and the QM system was This interaction appears to exist specifically in the transition
obtained from the results of the energy decomposition analyses,state for hydroxylation. Table 1 indicates that the interatomic
presented in Figures 5 and 6. These analyses provide ap-distance between Hd and the carbonyl oxygen of Pro364 is much
proximate values for the effects of individual amino acids and smaller in both transition states for hydroxylation compared to
water molecules on the change in energy upon transfer of thethose in the reactant and product complexes. By comparing
H1' proton to Asp54 (Figure 5) and on the energy barrier (Figure Figure 4d, e, and f it is apparent that the-@did moiety rotates

6a) and the overall energy change (Figure 6b) for hydroxylation almost 180 during its transfer from cofactor to phenolate. In
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Figure 4. Optimized active-site structures (showing QM atoms with thick bonds, MM atoms in thin lines usingy/®fda) the phenol C4a-
hydroperoxyflavin complex, (b) the transition state for direct hydroxylation of phengh{lol (C) the transition state for proton transfer to Asp54
(TSproton, (d) the phenolate C4a-hydroperoxyflavin complex, (e) the transition state for hydroxylation of the phenolatg.{d.Sand (f) the
product of hydroxylation.

the transition state the OH moiety points toward the backbone becomes shorter upon hydroxylation of the phenolate, indicating
oxygen of Pro364. Through this interaction, which is observed that it increases in strength. (Table 1, columns 5 to 7). This
only in the transition state, the (partially) negatively charged suggests that Wat168 plays a role in stabilizing the negative
carbonyl oxygen of Pro364 may stabilize the partial positive charge on the proximal oxygen Op of the cofactor (the Mulliken
charge on Hd in the transition state (0228 Mulliken analysis). charge on Op increases frorD.1% in the phenolate complex
The energy decomposition analysis for the hydroxylation step to —0.33 in the C4a-hydroxyflavin product). The stabilizing
indeed indicates that Pro364 lowers the energy barrier for the effect of Wat1l68 on the C4a-hydroxyflavin anion is also
hydroxylation step by about 3 kcal/mol. apparent from the decomposition analysis which indicates that
A third important QM—MM interaction involves a crystal ~ Wat168 makes the hydroxylation reaction 6 kcal/mol more
water molecule, Wat168. This water molecule remains in the favorable (Figure 6a and b).
position it occupies in the crystal structure during the initial Five other hydrogen bond interactions, between N1, 02, and
equilibration of the solvent. This solvent molecule donates a O4 of the flavin ring and polar hydrogen atoms of residues
hydrogen bond to the proximal oxygen of the peroxide moiety Asp54, Gly55, Met370, and Asn371, appear to increase in
(Op) of the flavin cofactor. The Wat168p hydrogen bond strength (i.e., the distances become shorter, Table 1) upon
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Table 1. Relative Energy (kcal/mol) of the Various Intermediates and Approximate Transition States on the Calculated Potential Energy
Surface for the QM/MM Model, and a Selection of Interatomic Distances (A) between QM Atoms and between QM and MM Atoms

phenol complex TSenol TShroton phenolate complex Tofenolate product complex

energy 0 36.17 6.0 —0.48 23.22 —59.40

C4a-Op 1.48 1.38 1.48 1.48 1.40 1.31
Op—0d 1.28 1.76 1.28 1.28 1.63 2.94

Od—-Cé¢ 3.11 1.99 3.08 3.10 2.13 1.41

C6—-CI 1.41 1.42 1.42 1.43 1.44 1.53
cr-cz 1.41 1.42 1.42 1.43 1.45 1.47
C2-C3 1.39 1.38 1.38 1.38 1.37 1.35
Cc3-C4 1.40 1.41 1.40 1.40 1.42 1.45
C4—-C5 1.40 1.38 1.40 1.40 1.38 1.34
C5-C6 1.39 1.42 1.39 1.38 1.41 1.49
Cl-0r 1.36 1.34 1.32 1.29 1.27 1.24
O1'—H1' 0.99 1.00 1.22 1.92 1.98 2.14

H1'-0OD1 1.87 1.83 1.19 0.99 0.99 0.98

CG-0D1 1.27 1.27 1.30 1.34 1.34 1.35
CG—-0D2 1.27 1.27 1.25 1.24 1.24 1.23
Tyr289-H-0O1 1.88 1.85 1.87 1.80 1.82 2.06
Pro364-G-Hd 2.60 1.99 2.79 3.07 2.14 2.89
Wat168-H-Op 2.10 2.09 2.11 2.12 2.09 2.01
Asp54-H-04 2.23 2.17 2.10 2.04 1.99 1.99
Gly55-H-04 2.44 2.19 2.32 2.31 2.16 2.13
Met370-H-N1 2.16 2.16 2.15 2.17 2.18 2.12
Asn371-H-02 2.77 2.71 2.75 2.82 2.80 2.65
Asn371-HD-02 2.25 211 2.22 2.25 2.13 2.08

aEnergies are given relative to the energy of the phenol complex. The distances subject to reaction coordinate restraints are shown in bold face.
Atom labeling as in Figure 1.
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Figure 5. Decomposition analysis illustrating the contribution of
individual MM residues to the QM/MM energy difference between
the phenol C4a-hydroperoxyflavin complex and the phenolate C4a- -60
hydroperoxyflavin complext(phenolate complexj)- E(phenol com-
plex).

-55

-85 |-

-70

Ereact (kcal/mol)

hydroxylation. Thus, these interactions may stabilize, to some
extent, the increasing negative charge on the flavin ring, -75
especially on the N1, O2, and O4 atoms (details in the Sup-
porting Information), upon formation of the deprotonated C4a-
hydroxyflavin product of the hydroxylation step. Accordingly, 85 1 ASn300, : ' ' '

small favorable effects (i.e., making the reaction energy more 0 ° ;OOM distamiocemre (i? % %

negative) of the residues AspS4, Met370, and Asn371 on the Figure 6. Decomposition analysis illustrating the contribution of
gﬁg{igélig?;uf;egbire observed in the energy decompOSItlonindividual MM residues to the QM/MM energy difference (a) between

Th ff h h the phenolate C4a-hydroperoxyflavin complex and the transition state
e strongest effects on the energy changes upon protong,, hydroxylation, E(TSyenaia) — E(phenolate complex), and (b)

transfer and hydroxylation are observed from charged residuesyenween the phenolate C4a-hydroperoxyflavin complex and the product
(Figures 5 and 6). Considerable redistributions of charge of hydroxylation, E(product complex)- E(phenolate complex).
accompany the proton transfer and the hydroxylation reactions.

Therefore, the effects (mainly electrostatic) of charged residuescutoff distance must be chosen with care. The nonbonded cutoff
depend on the formal charge and the position of the residue function applied in the present model scales the interactions
with regard to the QM system in which charge redistributions down to zero over a relatively broad range (between 11 and 16
occur. These strong effects, at relatively long distances (e.g.,A). This seems, in retrospect, to be a reasonable treatment of
Aspl02, Asp252, and Asp415), indicate that the nonbonded the nonbonded interactions in this system.

\ Arg265

-80 |-
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Table 2. Results of Transition State Optimizations in Vacuum for
the Model System for Hydroxylation Presented in Figure 2A

d(Op—0Od) d(Od—-C6) AHrs imaginary

transition states: A A (kcal/mol) frequency
AM1 1.68 1.98 25.12 725i
HF/6-31G(d) 1.87 1.92 49.28 083
B3LYP/6-31+G(d) 1.93 1.97 9.84 391i
B3LYP/6-31H-G(2d,p)//  id. id. 10.02

B3LYP/6-31+G(d)
MP2/6-3HG(d) 1.86 1.99 5.06
MP4/6-31G(d)/ id. id. 11.92

MP2/6-31-G(d)

@ AHrs is the enthalpy of the transition state relative to the total

enthalpy of the separate (optimized) reactants. Note: The HF, MP2,

J. Am. Chem. Soc., Vol. 122, No. 36, 208035

Table 3. Relative Energies in kcal/mol of the Phenol Acetate
Complex, the Transition State for Proton Transfer (Figure 2b) and
the Phenolate Acetic Acid Complex in the Gas Phase at the AM1,
HF/6-31+G(d), MP2/6-31G(d)//HF/6-31+G(d), and the B3LYP/
6-31+G(d)//HF/6-31+-G(d) Levels

phenol phenolate
complex TS complex
AM1 0 4.56 -0.73
HF/6-314+-G(d) 0 7.66 6.96
MP2/6-3HG(d)//HF/6-31+G(d) 0 4.29 6.21
B3LYP/6-31+G(d)//HF/6-31+G(d) 0 2.18 4.67

within the error of AM1 indicated above on the basis of the

and MP4 enthalpies were calculated from the corresponding energiestest calculations.

by applying an unscaled thermal correction based on HF#6&3H)

frequency calculations. Likewise, the B3LYP enthalpies are based on

B3LYP/6-31+G(d) frequency calculations.

The AM1 method was also tested for the proton transfer from
phenol to acetate (as a model for Asp54) in the gas phase.
Geometry optimizations were performed at the AM1 and HF/

Overall, the energy change upon proton transfer is almost 6-31+G(d) levels for the phenol acetate complex, the transition

zero within the complete protein model, whereas it kcal/
mol for the QM atoms only (Figure 5). This indicates that the
electrostatic environment of the enzyme favors the phenol
complex with Asp54 deprotonated, relative to the phenolate
complex. The energetics of the hydroxylation are relatively little
affected by the protein (Figure 6a and b).

Gas-Phase Calculations on Small Model Systems for the
Hydroxylation Reaction and for the Proton Transfer from
Phenol to Asp54.A possible source of inaccuracy in the

state (represented in Figure 2b) and the phenolate acetic acid
complex. The energies of the various species at the AM1, HF/
6-31+G(d), MP2/6-3HG(d)//HF/6-31+G(d), and B3LYP/
6-31+G(d)//HF/6-31+G(d) levels are presented in Table 3,
relative to the energy of the phenol acetate complex. AM1
predicts the phenelacetate complex to be less stable than the
phenolate-acetic acid complex. In contrast, the ab initio and
B3LYP methods predict the pherahcetate complex to be more
stable than the phenolatacetic acid complex, as would be

calculated potential energy surface (Figure 3) is the fact that it expected on the basis of the fact that acetic acid is a stronger

is based on the semiempirical AM1 method. To validate the
use of AM1 for the QM system, and to obtain insight into how

acid than phenol. The error of about 6 kcal/mol in AM1 seems
to be due to a known overestimation of the proton affinity of

the energy surface may change on going to a higher level of carboxylate by AME*

theoretical treatment, gas-phase calculations were performed on It should be noted that in the QM/MM model Asp54 is
small model systems for the two reaction coordinates. The represented by formate in the QM system rather than by acetate.
performance of AM1 for these models was tested by comparisonAt the AM1 level the proton affinity of acetate (354.8 kcal/

to results at higher levels of quantum chemical theory. First,
transition-state optimizations were performed on the model

mol) and formate (355.1 kcal/mol) are very similar, and thus,
for reasons of efficiency, formate was chosen to represent Asp54

system for hydroxylation as shown in Figure 2a. Some quantita- in the QM/MM model. At the MP2/6-31G(d) and B3LYP/
tive differences between the results at the various levels of theory6-31+G(d) levels the proton affinity of acetate (346.57 and
are observed. Table 2 presents the interatomic distances for the349.42 kcal/mol, respectively) differs by about 5 kcal/mol from

bonds which are broken (G{0d) and formed (OdC6) in the
calculated transition states at different levels of theory. Com-
parison of the geometries optimized at the AM1, HF/6-&E

(d), MP2/6-3H-G(d), and B3LYP/6-3%#G(d) levels indicates
that AM1 underestimates the ©®d bond distance in the TS
by about 0.2 A, whereas it performs well for the -©d6
distance. The AM1 results for the ©®d and Od-C6
distances (1.68 and 1.98 A, Table 2) in the small TS model in
gas phase differ slightly from the corresponding values in the
approximate QM/MM transition state for hydroxylation of
phenolate (1.63 and 2.13 A, Table 1, column 6), possibly
indicating that the flavin ring does affect the reactive properties
of the peroxide moiety (as would be expected).

the proton affinity of formate (341.87 and 344.55 kcal/mol,
respectively) and was chosen to be a more realistic representa-
tion of Asp54 in the gas-phase model. However, because of
the similar proton affinities of formate and acetate at the AM1
level, the comparison of the results for the acetate complex at
various levels can be extrapolated to the QM/MM model. Thus,
the comparison of AM1 with the higher levels of theory in Table
3 suggests that the proton transfer from phenol to Asp54 in the
active site of PH may be somewhat more unfavorable than it
appears from the calculated potential energy surface, due to an
overestimation of the proton affinity of Asp54 in the QM/MM
model.

In summary, the results of the test calculations in gas phase

Table 2 also presents the TS energies relative to the separat§tuggest some corrections to the potential energy surface pre-

reactants, calculated at different levels of theory. The MP4 or

sented in Figure 3 and the energies given in Table 1. The phe-

B3LYP methods are the highest levels of theory used, and thenolate complex may be about 6 kcal/mol more unfavorable
results obtained at these levels serve as the reference valueg€lative to the phenol complex. Furthermore, the energy barrier

Although the AM1 result appears better than the HF/6-G1
(d) outcome, AM1 overestimates the activation energy for
hydroxylation, by possibly more than 10 kcal/mol. This may

for the subsequent hydroxylation may be lower. From a
qualitative point of view, however, the conclusions drawn from
the potential energy surface remain unchanged. The approximate

explain the apparent discrepancy between the absolute valudransition state for hydroxylation of the phenolate in the QM/

of the QM/MM energy barrier and the experimental rate
constant. Neglecting entropic contributions, the experimental
rate constant of 470 mit would correspond to a barrier of

about 16 kcal/mol. The difference between this expected bar-

rier and the calculated QM/MM barrier of 23.7 kcal/mol is

MM model (formed upon proton transfer) is 13 kcal/mol lower
than the transition state for direct hydroxylation of the phenol.
Even if a correction of 6 kcal/mol on the energy change upon

(34) Mulholland, A. J.; Richards, W. Gl. Phys. Chem. B99§ 102
6635-6646.
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Table 4. Experimental Rate Constants for Overall Conversion of a Series of Halogenated Phenols by Phenol Hydraxga3elculated
Energy BarriersEac) for the Electrophilic Attack of the C4a-hydroperoxyflavin on the' @6the Phenolate Substrates

substrate Keat (Min1) Eaciny(kcal/mol) ron(TS) (A) Eacz (kcal/mol) ron(TS) (A)
phenol 470 23.70 -0.50)
2-F-phenol (6-F) 150 25.68 —~0.49) 26.32 €0.50)
3-F-phenol (5-F) 280 24.69 —~0.49) 25.35 €0.49)
4-F-phenol 470 24.58 —0.49)
2,3-F-phenol (5,6-p) 90 26.35 £0.47) 27.23 €0.49)
2.4-F-phenol (4,6-F) 190 25.98 €0.47) 27.52 €0.47)
2,5-F-phenol (3,6-R) 150 27.25 €0.47) 27.29 €0.48)
3,4-F-phenol (4,5-F) 390 25.56 €0.47) 26.09 €0.47)
3,5-F-phenol 280 26.37 +0.47)
2.3,4-F-phenol (4,5,6-5 150 26.91 €0.44) 28.56 €0.46)
2,3,5-R-phenol (3,5,6-5) 70 28.09 £0.45) 28.42 €0.47)
3,4,5-k-phenol 210 27.26 +0.45)
2,3,5,6-F-phenol 50 30.04 40.44)
2,3,4,5,6-E-phenol 40 30.88 40.41)
3-Cl,4-F-phenol (5-Cl,4-F) 190 24.89 —0.45) 26.52 €0.47)
4-Cl,3-F-phenol (4-Cl,5-F) 270 24.44 —0.45) 24.85 €0.47)

aIn case of asymmetric substrates a second energy b&iiers calculated for the attack of the C4a-hydroperoxyflavin on thé @@@he
substrates with the alternative substituent positions (in brackets, column 1), representing the reaction with the substrates in the ai@dinative bi
orientation. Columns 4 and 6 present the reaction coordinate value at the transitionostai®), with rop = d(Op—0Od) — d(Od—C6).

proton transfer from phenol to Asp54 were to be extrapolated a
to both transition states for hydroxylation (which might be an 7
overcorrection), the potential energy surface would still favor
a reaction mechanism involving initial proton transfer based on
a residual difference of about 7 kcal/mol between the transition 61
states of hydroxylation of the phenol and phenolate complexes.
Computation of Energy Barriers with Halogenated Sub-
strates. In subsequent calculations, the energy barrier for
hydroxylation of the phenolate complex, after initial proton
transfer, was also determined for a number of substituted
substrates. The structures of the phenolate and transition state 4
complexes calculated for the substrate analogues were in all
cases comparable to those found for the native phenolate. The
energy barriers and reaction coordinate values of the ap-
proximate transition states for the various substrates are listed
in Table 4. For asymmetric substrates the calculations were
performed for the two possible binding orientations in the active
site. Overall, the substituents increase the energy barrier. This
is likely to be due to the electronegative character of the b
substituents, which withdraw electron density from the aromatic
ring, lowering the reactivity of the substrate for electrophilic
attack by C4a-hydroperoxyflavinFluorine substituents on the
reacting C6center seem to have a stronger effect on the barrier 61
than fluorine substituents on other positions. The fluorine
substituents on this position may affect the energy involved in
changing the hybridization of Cérom sg# to sp and in loss of
aromaticity upon hydroxylation; another possibility is that a
fluorine substituent at this position sterically hinders the reaction.
The substitutions (except for those on'Céause a shift of the 44+
TS geometry toward the product geometry, thatrisy(TS)
becomes less negative, which corresponds to a decrease-in Od
C6 (varying between 2.09 and 2.14 A) distance and an increase 3 ‘ 4 . . l | ;
in Op—Qd distance (varying between 1.62 and 1.70 A). 23 24 25 26 27 28 29 30 31
Correlation of Calculated Barriers with Experimental
Rate Constants. On the basis of the hypothesis that the
electrophilic attack of the C4a-hydroperoxyflavin on the sub- Figure 7. Linear correlations between the natural logarithm of the
strate is rate-limiting in the overall reaction cycle of PH, the €xperimental rate constants (mij for overall conversion of sym-
calculated energy barriers for the different substrates were metric phe_nol derivativésand the (avefage) calculated energy barriers
compared to the experimental rate constants for their overall (Bac) obtained for (2) the symmetric substrates only and (b) all
: . . substrates.
conversion by PH.For the symmetric substrates, indeed an
excellent linear correlatiorR = 0.98) was found between the different energy barriers are obtained for the two possible
logarithm of the experimental rate constants and the calculatedorientations in the active site (Table 4). Figure 7b shows that
energy barriers for the reaction of the C4a-hydroperoxyflavin the average energy barriers for the asymmetric substrates,
with the substrate. For the asymmetric substrates slightly together with the energy barriers for the symmetric substrates,

y =-0.3726x + 15.259
R =0.98

In Keat

3 f t t } t } t
23 24 25 26 27 28 29 30 31
Eact (kcal/mol)

R =0.91

In Keat

(average) Eact (kcal/mol)
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also correlate wellR = 0.91) with the natural logarithm of the  If the QM/MM potential energy surface obtained in the present
experimental rate constants for overall hydroxylation. simulation study (Figure 3) is corrected for an overestimation
An attempt to derive apparent energy barriers, taking into (by up to approximately 6 kcal/mol) of the Asp54 proton affinity
account experimental product rattder the various asymmetric by AM1, which appears from the comparison to higher level
substrates, did not improve the correlation (details are available calculations (Table 3), the phenolate complex would be almost
in the Supporting Information). This may suggest that the 6 kcal/mol higher in energy than the phenol complex. This
differences in energy barriers for two different substrate suggests that, in the C4a-hydroperoxyflavin intermediate of the
orientations do not provide significant information on the PH reaction cycle, the proton may still be preferentially present

regioselectivity of the reaction. on the phenolic substrate. However, although the initial proton-
transfer step might be energetically unfavorable, the lower
Discussion energy barrier of the subsequent electrophilic attack seems to

) ) ) ~ more than compensate for this. In kinetic terms this means that,
The potential energy surface obtained in the present study iSajthough only a small fraction of the substrate is in a deproto-
based on an energy minimization approach, which is also pateq state, the subsequent hydroxylation reaction proceeds so
referred to as adiabatic mapp@@.‘l_’hls approach does not  mych faster in this deprotonated state that this pathway prevails
include contributions of the protein dynamics, which may gyer the hydroxylation of the substrate in its protonated state.
involve multiple conformational substaté&s’’ Instead, it is based This idea about substrate activation in PH. that is. that it
on a single conformation, which is expected to be representative .. o just before the hydroxylation takes plr;tce is different
for the reacting enzyme The conformation used is derived from from the mechanism of PHBH. in which substraté is deproto-
the crystal structure of the oxidized enzyfubstrate complex, nated directly upon binding in the active site (before the flavin

with the flavin in the ‘in” position:* Analogoys to t.he case .Of cofactor is reduced$418Thus, the second question that comes
PHBH' the reactive C_4a-hydroperpxyf|avm is in a similar up is what would be the advantage of keeping phenol neutral
position’® and the protein strgctg;g;gs not expected to change during the first steps in the reaction cycle of PH (whereas in
significantly upon hydrox'ylatlor}n.v ’ PHBH substrate is deprotonated directly after binding)? Related
The observed correlation, between the calculated QM/MM , the fact that the hydroxyl moiety of phenol is the only polar
energy barriers and the logarithm of the experimental rate oo, of the molecule to be involved in orientating the substrate
constants of overall conversion by PH, indicates that the QM/ i, the active site, one could speculate that the substrate might
MM model indeed provides an appropriate description of the o mare specifically or efficiently bound (and orientated) by
rate-limiting step (at 23C and pH 7.6) in the reaction cycle of o two hydrogen bonds with Asp54 and Tyr289 when phenol
PH. The analysis of the changes in geometry and charge, alongg present in its neutral state. In PHBH, aydroxybenzoate
the reaction coordinate for hydroxylation of the phenolate, ¢,ystrate is orientated by hydrogen bonding of the carboxyl
indicates that the (validated) QM/MM model is in line with an moiety as well, which makes the role of the hydroxyl moiety
electrophilic aromatic substitution which results in the formation i, supstrate binding/orientation less important. In this context,
of a hydroxycyclohexadienone as the initial product. Although it is interesting to note that, by structural alignment of the phenol
the cglculated energy barriers for hydroxylation are somewhat hydroxylase ang-hydroxybenzoate hydroxylase crystal struc-
too high, as suggested by the gas-phase results on the smalj,req the hydroxyl moiety of phenol in phenol hydroxylase binds
model system (Table 2), the results show that the barriers areg; ine site where the carboxyl moiety (instead of the hydroxyl

useful in a rglativg way. The correlqtion for a broad range of moiety) of p-hydroxybenzoate binds ip-hydroxybenzoate
substrates, including not only fluorinated phenols, but also hydroxylase.

chlorinated phenols, holds out the possibility of predicting
conversion rates of other substrates by phenol hydroxylase. It
shows the potential utility of the QM/MM method for quantita-
tive structure activity relationship (QSAR) studies.

The present simulation provides new insight into the activa-
tion of the phenolic substrate by proton transfer from the
hydroxyl moiety of the substrate to a potential active site base,
Asp54. NMR experiments indicate that the substrate binds to
the oxidized PH enzyme in its neutral protonated state.
Apparently, the active-site base Asp54, which appears to form
a hydrogen bond with the hydroxyl moiety of the substrate on
the basis of the crystal structure, does not deprotonate the
substrate at that stage in the reaction cycle. The QM/MM model
suggests that, further on in the reaction cycle, the electrophilic
attack of the C4a-hydroperoxyflavin on the substrate occurs after iz ation of the increasing negative charge on Op. Catalytic
a protoq has begn transferred from phenol .to Asp54. .. effects of bound water molecules, by stabilizing transient

The first question that one may address is at what point in hegative charges, have been recently reported for other enzymes
the reaction cycle the proton is transferred from phenol to Asp54. t00,“Owhich may indicate their general importance. A second
comparison can be made for the role of a tyrosine (Tyr289 in

In combination with previous work the results of the present
study allow a detailed comparison of the catalytic features of
the active sites of the two related enzymes, PH and PHBH, with
respect to the hydroxylation step. The observed changes in
charge distribution and bond distances upon hydroxylation are
very similar in the present simulation of PH and the previous
simulation of PHBH, which supports the proposal that the
mechanism of hydroxylation is similar in both enzymes. In
addition, some common active-site interactions appear to play
a role in both hydroxylation reactions. A crystal water molecule
is present at a similar position in the active sites of both enzymes
structures. In the simulations of both enzymes, this water
molecule donates a hydrogen bond to the proximal oxygen (Op)
of the C4a-hydroperoxyflavin cofactor, which results in a

(35) McCammon, J. A.; Harvey, S. Oynamics of Proteins and Nucleic

Acids University Press: Cambridge, 1987. PH and Tyr201 in PHBH) which forms a hydrogen bond with
(36) Frauenfelder, H.; Sligar, S. G.; Wolynes, P.Sgiencel991, 254, the hydroxyl moiety of the substrate. In PHBH, Tyr201 is known
1598-1603. to be directly involved in deprotonating the substr&t¥, as

37) Kurzynski, M.Prog. Biophys. Mol. Biol1998 69, 23—82. - .

§383 Schrguder’ H. A.;gVan QJ Laan, J. M.: th W. G.: Drenth].J. the first step in a proton channel to transport the proton out of
Mol. Biol. 1988 199, 637-648.

(39) Schreuder, H. A.; Prick, P. A. J.; Wierenga, R. K.; Vriend, G.; (40) Zheng, Y. J.; Ornstein, R. LJ. Am. Chem. S0d.997, 119, 648-
Wilson, K. S.; Hol, W. G. J.; Drenth, J. Mol. Biol. 1989 208 679-696. 655.
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the active sité®4! The present study indicates that in PH Furthermore, the advantage of a (carbonyl) backbone group is
substrate may be deprotonated by Asp54 rather than Tyr289.that its position and orientation is relatively well defined (i.e.,
Furthermore, the position of Tyr289 in the active site of PH is restricted). This allows the carbonyl moiety to be tightly
completely different from the position of Tyr201 in PHBH. (It  oriented, such that it can specifically stabilize a transition state,
is, however, comparable in position to Tyr222 in PHBH, which as appears to be the case in the present simulation study. One
binds the substrate carboxylate.) Despite these important dif-could argue about the significance of a proline residue being
ferences, one effect of Tyr289 in PH and Tyr201 in PHBH present at this specific position in an active site loop, in both
seems to be similar, on the basis of the comparison of the presenPH and PHBH. It is interesting to note that this proline residue
and previous QM/MM simulations, respectively: it appears to is part of the FAD fingerprint motif in the flavoprotein mono-
stabilize the activated substrate by forming a hydrogen bond oxygenase$?* It is tempting to speculate that the suggested
with the deprotonated hydroxyl moiety. In both simulations, this catalytic role of the backbone carbonyl could be one of the rea-
hydrogen bond becomes weaker along the reaction coordinatesons for the conservation of a proline residue at this position.
of the hydroxylation step, which results in a slight unfavorable The proline residue, due to its cyclic structure, might induce
effect on this reaction step. and restrain a specific conformation of the backbone at this posi-
A third common feature is the catalytic function of the tion and thus keep the backbone carbonyl moiety in the right
backbone carbonyl moiety of a conserved proline residue, thatorientation for its stabilizing interaction in the transition state.
is, Pro293 in PHBH and Pro364 in PH, which is similarly )
orientated toward the FAD cofactor in both structures. The Acknowledgment. We thank Willem J. H. van Berkel for
positions of these proline residues are also identical in the US€ful discussions. A.J.M. is an EPSRC Advanced Research
(structural) alignment of both proteidsThe (partially) nega-  Fellow. This work was supported by The Netherlands Organiza-
tively charged carbonyl oxygen specifically stabilizes the tion for Scientific Research (NWO).
transition state by a hydrogen bond interaction with the
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could be of a more general significance. A backbone carbonyl
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