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Substrate Hydroxylation by the Oxido—Iron Intermediate in Aromatic Amino
Acid Hydroxylases: A DFT Mechanistic Study
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Substrate hydroxylation by an Fe!V=0O cluster model of the
active center in aromatic amino acid hydroxylases (AAHSs)
has been investigated by means of DFT calculations.
Whereas benzene was used as a model for the aromatic
amino acid substrate, the water-free Fe!V=0 cluster model
has been used in previous studies of enzyme activation and
formation of the hydroxylating intermediate. This cluster
model also has the pterin cofactor placed in the first coordi-
nation sphere of the iron atom and differs substantially from
models used in previous computational studies of AAH-cata-
lyzed hydroxylations. The formation of the (Fe)O-C-
(benzene) bond is associated with a free-energy barrier
(12.6 kcalmol™) that is slightly lower than that calculated

previously for the formation of the Fe'V=0 species. The sub-
sequent steps, the NIH shift and the tautomerization leading
to the phenol product are both associated with lower energy
barriers. The substrate hydroxylation is followed by proton-
ation of the oxidized iron-bound cofactor to give the pterin-
4a-carbinolamine product. The latter is subsequently dissoci-
ated upon rebinding of water molecules to produce the hexa-
coordinate iron complex of the enzyme resting state. Conse-
quently, no product is released before the oxidation of both
the substrate and the cofactor has been completed. Finally,
the current study completes the catalytic cycle and regener-
ates the catalyst, with a barrier energy comparable to that of
the (Fe)O-C(benzene) bond formation.

Introduction

The aromatic amino acid hydroxylases (AAHs) consti-
tute a family of enzymes including phenylalanine hydrox-
ylase (PAH), tyrosine hydroxylase (TH), and the trypto-
phan hydroxylases (TPHs) that catalyze the hydroxylation
of aromatic amino acids.l'-®! PAH catalyzes the conversion
of L-phenylalanine (L-Phe) to L-tyrosine (L-Tyr) mainly in
the liver. TH catalyzes the hydroxylation of L-Tyr to L-dihy-
droxyphenylalanine (L-Dopa) in the brain and neuroendo-
crine tissues, and TPH1 and TPH2 convert L-tryptophan
(L-Trp) to 5-hydroxytryptophan, also in the nervous sys-
tem.” The AAHs are non-heme iron enzymes that are de-
pendent on the cofactor (6R)-L-erythro-5,6,7,8-tetra-
hydrobiopterin (BH4) and use dioxygen as an additional
substrate (Scheme 1). The pterin cofactor activates the iron
atom by reducing it from the ferric to the ferrous form, in
a step prior to catalysis, and during the catalytic cycle BH,
is oxidized to pterin-4a-carbinolamine (4a-HO-BH,)
(Scheme 2). The dioxygen atoms are incorporated both into
the substrate and the pterin cofactor.!®!3]
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Scheme 1. Hydroxylation of the aromatic amino acids L-Phe, L-Tyr,
and L-Trp by their respective hydroxylases, phenylalanine hydrox-
ylase (PAH), tyrosine hydroxylase (TH), and tryptophan hydrox-
ylase 1 and 2 (TPH1 and TPH2). The hydroxylases use the cofactor
BH, and O, as additional substrates in the reaction.
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Scheme 2. Cofactor (6R)-L-erythro-5,6,7,8-tetrahydrobiopterin
(BH,) is oxidized to pterin-4a-carbinolamine (4a-HO-BH,) by the
AAHs.

Eur. J. Inorg. Chem. 2011, 2720-2732



Hydroxylation by the Oxido-Iron Intermediate in Amino Acid Hydroxylases

Mammalian AAHs consist of a regulatory, a catalytic,
and an oligomerization domain. The catalytic domain in-
cludes the active site iron, where it is anchored by two histi-
dines (His) and one glutamic acid (Glu).l'"* X-ray crystal
structures of the AAHs in binary complexes with the cofac-
tor or cofactor analogue, have in addition to the 2-His—1-
Glu binding motif, three or two ligating water molecules
(Figure 1).'416] The water molecules all seem to dissociate
upon binding of substrate and cofactor, leading to a ternary
complex, prior to the formation of the active quaternary
(e.g. PAH-Fe'"-BH,~L-Phe-O, in the case of PAH) com-
plex. In a DFT investigation we have recently shown that
the formation of the active water-free O, complex from the
initial water-ligated structure is facile.l'”]
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Figure 1. Active site in the X-ray crystal structure of the catalytic
domain of human PAH in a binary complex with the pterin cofac-
tor (PDBid: 1J8U).I" The iron atom is ligated by the 2-His—-1-Glu
binding motif and three water molecules.

Because of the high sequence similarity within the cata-
lytic domains of the AAHs, it is widely assumed that the
hydroxylation reaction mechanism is similar for the three
enzymes.[>*+181 Moreover, it is also assumed that this gene-
ral AAH reaction mechanism follows a two-step reaction
route where an oxido—iron species is formed in the first step
after cleavage of the O-O bond in an Fe-O-O-BH, bridge.
Next, the Fe'V=0 species is responsible for the hydroxyla-
tion of the substrate in the second step.['”2!1 A high-spin
Fe!V species has been directly observed in TH using Mss-
bauer and electron paramagnetic resonance spectroscopy,
and has been associated with the Fe'V=0 hydroxylating in-
termediate.”??! Mechanistic DFT investigations on the for-
mation of Fe'V=0, using gas-phase cluster models,[?>3-24
have arrived at two different rate-limiting steps for the for-
mation of the Fe'™V=0 complex. Whereas, in the study of
Bassan et al.,!**l the formation of the Fe-O—-O-BH, bridge
was found to be rate-limiting, in our recent study of the
formation of the Fe'V=0 species, this role was associated
with an earlier step, a one-electron transfer from the cofac-
tor to dioxygen, which initiates the reduction of the lat-
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ter.”!l An early rate-limiting step involving such a one-elec-
tron transfer has been proposed based on measurements of
180 kinetic isotope effects.>>] It has subsequently also been
reported that the second main step, the hydroxylation of
the aromatic substrate (see below), more specifically the in-
corporation of the oxygen into the substrate, could, com-
pletely or partially, be rate-limiting.[26-27]

In the second main reaction step, the aromatic amino
acid substrate is hydroxylated by Fe'V=0 through an attack
by the carbon atom in the aromatic ring on the oxygen
atom in Fe'V=0, followed by a subsequent 1,2-hydride
transfer, a so-called NIH shift, to form a dienone.?8-3% Or-
ganic catalysts are not able to perform NIH shifts, and even
the low-yield nonspecific hydroxylation of L-Phe by BH, in
the absence of enzyme occurs without an NIH shift.[>!! This
NIH shift has been considered as evidence for an arene ox-
ide formation,? and as a final step, a tautomerization of
the ketone to the phenol form completes the formation of
the amino acid product. It is known that no product (oxid-
ized amino acid or oxidized cofactor) is released before all
substrates i.e. amino acid substrate, BH,, and O, have been
bound to the active site, although the order of the binding
is not completely established.??! Steady-state kinetics on
rat TH and bacterial PAH suggest a binding order of cofac-
tor, substrate, and 0,.2%33 Fitzpatrick showed, by using
kinetic isotope effects, that the rate of hydroxylation of Phe
by TH in the 4-position was independent of the rate of hy-
droxylation in the 3- or 5-position, and concluded that the
hydroxylation did not proceed via an arene oxide intermedi-
ate.?] Furthermore, Hillas et al. showed that the intermedi-
ate for the hydroxylation of the substrate was electron-de-
ficient and proposed a cationic intermediate.*¥ DFT stud-
ies, in which the hydroxylation of the substrate by the
Fe!'V=0 species has been investigated, are also not commen-
surate with the formation of an arene oxide intermedi-
ate.’>3 In these studies, two different models have been
used, one in which a water molecule and a hydroxy group
are coordinated to the iron atom in addition to the 2-His—
1-Glu triad (HO-Fe'V=0), and the other in which the hy-
droxy group was protonated [H,O-Fe!V=0]*. The investi-
gations of the HO-Fe'V=0 complex supported a two-step
oxidation for the formation of the C—O bond, with an un-
paired electron located in the benzene ring after the first
step.[*>] The model with the protonated hydroxy group pre-
dicted the formation of an arenium cation.?>-361 The [H,O-
Fe'V=0]* model was taken to be the QM part in a QM/
MM investigation. The QM geometry was seen to change
only little upon inclusion of the surrounding protein in the
QM/MM investigation.[3°]

In the present work we have investigated the hydroxyla-
tion of the aromatic amino acid substrate by the FeV=0
hydroxylating intermediate. The starting structure (12a,
Figure 2) is the gas-phase cluster model of the water-free
Fe'V=0 species arrived at in the recent study of the first
part of the reaction mechanism of the AAHs.[>4 In the pres-
ent study we move on to investigate the details of the
Fe'V=0-catalyzed substrate hydroxylation in AAHs using a
water-free model containing the cofactor in the first coordi-
2721
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nation sphere. In the end, the hexacoordinate iron complex
is regenerated by rebinding the three water molecules that
were dissociated prior to dioxygen binding.

Glu330

@

Glu286

12a
His290y ray+180°

Figure 2. Geometry-optimized Fe'V=0 intermediate, which consti-

tutes the starting point in the present study and which was arrived
at in the preceding DFT study on formation of this intermediate.l**!
Distances are given in A.

In order to reduce the total structural model size, ben-
zene was selected in the present study as a simplified model
for L-Phe. This appears as an appropriate substrate model
for all AAHs. Thus, although the AAHs are substrate-spe-
cific, and this specificity is defined by the structure of the
catalytic domain and modulated by the regulatory do-
main,® only TH can hydroxylate L-Tyr, whereas all three
AAHs can hydroxylate L-Phe.[>°]

Results and Discussion

The structure constituting the starting point of the pres-
ent investigation (12a) was arrived at in the previous DFT
study of the formation of the hydroxylating oxido-iron in-
termediate.”* The original gas-phase cluster model, em-
ployed in the initial study of water dissociation and di-
oxygen binding,['”l was derived from the X-ray crystal
structure of the catalytic domain of human (h) PAH in a
binary complex with the cofactor tetrahydrobiopterin
(hPAH-Fe"-BH,, PDBid: 1J8U).['Y The non-heme iron
atom with two His (His285 and His290), Glu (Glu330), and
three water molecules [H,O-1250 (Watl), H,O-1251 (Wat2)
and H,0-1253 (Wat3)] was extracted from the X-ray crystal
structure. Also included in the model were the cofactors
Glu286 and H,O-1142 (Wat4), all found in the second coor-
dination sphere of the iron atom in the X-ray crystal struc-
ture (Figure 1). Imidazole was used to model His, and Glu
was modeled by formate. The dihydroxypropyl chain at C6
of the cofactor was substituted by a hydrogen atom. The
present study also involves the amino acid substrate, which,
as in previous studies,*>371 is modeled by benzene. The
Fe'V=0 complex (12a) is hexacoordinate with the cofactor
placed in the first coordination sphere of the iron atom,
coordinating in a bidentate fashion through the atoms Ob
(2.05 A) and N5 (2.28 A) (cf. Figure 2).
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Hydroxylation of the Aromatic Substrate

Up to this point in the reaction, benzene appears to in-
teract only very weakly with the iron complex. A series of
tests were performed in which benzene was added to the
structures 7a, 8b, 9a, 9b, and 12a of the earlier investi-
gations!!7-?* and allowed to relax in various conformations.
In all cases the obtained bond enthalpy to benzene was be-
low 2.5 kcalmol ™!, and the atoms in the iron complexes in
the respective structure pairs, with and without benzene,
could be superimposed®*¥ with small weighted root mean
square (RMS) deviations (0.07-0.17 A; see Figure S1 in the
Supporting Information). Benzene has therefore only been
introduced in the current investigation of the aromatic sub-
strate hydroxylation. Benzene was omitted from the models
used in the previous DFT investigations of dioxygen bind-
ing and activation and formation of the Fe!'V=0 intermedi-
ate, despite the fact that the substrate would also be present
during the initial steps leading to water release and forma-
tion of the hydroxylating species.!!”-24

The free-energy cost of binding benzene to 12a, to give
13a (Figure 3), is close to 5 kcalmol™!, with the closest ben-
zene carbon atom located 3.42 A from O(=Fe). Because of
the lack of surrounding protein in the present cluster
model, there is no substrate-guiding pocket. Moreover, a
model substrate is used and substrate interactions with ne-
arby residues are neglected. It is thus reasonable to believe
that the cost of binding the substrate is exaggerated by the
current model. Moreover, substrate binding takes place
prior to, and triggers, loss of ligating water in the enzyme-
activation phase,**“3l and the free energy change associ-
ated with substrate binding should not be accounted for in

13a
H i3290x.,w1aol

Figure 3. Geometry-optimized structure of the Fe!Y=0 intermedi-

ate including benzene. The imidazole ring in His290 is rotated
180° relative to the conformation of the X-ray crystal structure
(H290x.ray+180°)- Distances are given in A.
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the middle of the catalytic reaction. Unless otherwise
stated, free energies are thus reported relative to 13a (Fig-
ure 3) in the rest of this work. The lack of an active-site
pocket and attractive substrate-pocket interactions also
mean that there is no clear preference with regard to orien-
tation of the benzene substrate. A number of different con-
formations were investigated, the most stable of which is
that of 13a. Although it is likely that the current cluster
model and benzene substrate exaggerate the flexibility of
the latter, considerable variations in position and orienta-
tion can also be seen for L-phenylalanine in a QM/MM
study of PAH,[3 suggesting that the active-site pocket is
indeed spacious and allows for a rather flexible substrate.
Another conformational flexibility pertaining to the
imidazole ring in His290 was noted in our recent DFT in-
vestigations.!'”->4 Conformations in which this ring was ro-
tated 180° compared with that of the X-ray crystal structure

European Journal
of Inorganic Chemistry

were found to be of comparable, and sometimes lower, en-
ergy than that of the X-ray crystal structure conformation.
For the oxido-iron complex including benzene (13), the
conformer with the imidazole ring in His290 rotated
180° compared with that of the crystal structure (i.e.
H290x ,ay+180; 132) is 1.6 kcalmol ! (Table S2 in the Sup-
porting Information and Figure 4) more stable than the
conformer with the rotation as in the crystal structure (i.e.
H290x_,,y; 13b, cf. Table S2 the Supporting Information).
Thus, both conformers were systematically monitored
throughout the reaction pathway, and the calculated free-
energy difference between them never exceeds 2 kcalmol ™!
(Figure 4). The lowest-energy conformation of each inter-
mediate is given the suffix “a” whereas the second lowest
conformation is termed “b”. The present discussion is as
much as possible restricted to the lowest-energy conforma-
tion (“a”) in each case.

®
== AGi for complexes with the His290 imidazole ring
10 - rotated 180° relative to that of the X-ray crystal structure
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Figure 4. Calculated relative free energies [kcalmol '] for hydroxylation of the amino acid substrate by the Fe

V—

species in AAHs.

Energies are given relative to 13a. For the conformer with the His290 imidazole ring rotated compared with that of the X-ray crystal
structure, the rotation of Glu330 occurs simultaneously with the NTH shift, meaning that the reaction proceeds directly from 14b to 16a.
Starting from 14a, with the imidazole ring in His290 oriented as in the X-ray crystal structure. (H290x_,,y), the NIH shift, leading to
15a, and the rotation of Glu330, leading to 16b via TS[15a-16b]*, take place in separate steps.
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Formation of the C—O Bond

The free-energy barrier associated with formation of the
0Oa—C(benzene) bond from 13a is 12.6 kcalmol™'. In the
transition state (TS[13a—14b]*, Figure 5), the reacting ben-
zene carbon atom is located at a distance of 1.99 A from
Oa, and benzene approaches the oxygen atom in an end-on
fashion. Attempts in which benzene was placed near the
oxygen atom in a side-on fashion resulted in the rotation of
the benzene ring and relaxation to the end-on structure.
These observations are in line with the findings of Fitz-
patrick, who, based on measurements of kinetic isotope ef-
fects, concluded that the formation of an arene epoxide in-
termediate is unlikely.*"!

TS[13a-14b]
HisZQDx_,a,..m-

Figure 5. Optimized transition state for the formation of the (Fe)
O-C(benzene) bond. Distances are given in A.

Binding of benzene to the oxygen atom in 13b to give
14a is an exothermic as well as exergonic process (AH,y =
—5.0 kcalmol™!, AG,,, = -3.3 kcalmol™). During the pro-
cess of binding benzene to O(=Fe), Glu286 and Wat4 ap-
proach the substrate in a concerted way, remaining hydro-
gen-bonded to each other, which results in the rupture of
the hydrogen bond between Glu286 and His290 present in
13a and 13b. The loss of the latter hydrogen bond is com-
pensated for by the formation of a hydrogen bond between
Wat4 and Oa(Fe) (bond length of 1.85 A). The latter hydro-
gen bond also stabilizes the growing negative charge on Oa
[¢(Oa) = —0.93 ¢; cf. Table S3 in the Supporting Infor-
mation]. It may be that the flexibility of Glu286, which here
is seen to approach the substrate (compare structures 13a
and 14a), is exaggerated by the current cluster model.
Whether this is the case can only be clarified by a future
QM/MM study including the protein environment. In such
a study it would be possible to interpret deviations from the
present reaction mechanism and reaction profile in terms
of reduced residue flexibility compared with that of the
present cluster model.

Upon going from 13b to 14a, the Oa—C(benzene) dis-
tance is drastically reduced and approaches that of a car-
bon-oxygen single bond in 14a. This is corroborated by the
2724
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corresponding Wiberg bond-order index (0.85; Table S4 in
the Supporting Information) calculated for 14a. Similarly,
the Fe-Oa distance and the Wiberg bond-order index for
13b and 14a show that this bond is significantly weakened
in the process. The O-benzene species (14a) carries an un-
paired electron that is antiferromagnetically coupled to the
unpaired electrons on the iron atom and its ligands. The
unpaired electron on benzene is delocalized, with signifi-
cant spin populations on the carbon atoms ortho (-0.38 and
—0.38) and para (-0.49) relative to the recently oxidized car-
bon atom (see Figure 6 and Table S5 in the Supporting In-
formation). The iron atom has now been reduced from Fe'
to Fe'" (Scheme 3). The two-electron oxidation of benzene
takes place over two steps, the first one-electron transfer
from benzene to iron resulting in structure 14a. The second
electron transfer occurs early in the subsequent 1,2-hydride
shift, in which a hydride on the oxidized ring carbon atom
is transferred to an adjacent carbon atom (structure 15a,
Figure 7). In the transition state (TS[14a—15a]*, Figure 8),
no spin population is located on the O-benzene fragment,
implying that the second electron transfer has already oc-
curred (Table S5 in the Supporting Information and
Scheme 3).

14a
His290x.ay

Figure 6. Geometry-optimized structure of the Fe'Y=0O-benzene

complex (Oa—C 1.50 A). The spin populations on the carbon atoms
and the inserted oxygen atom are shown in parentheses. Distances
are given in A.

QM and QM/MM calculations have previously shown
C-0 bond formation through direct electrophilic aromatic
addition, as followed in this work, to be energetically pref-
erable to a mechanism starting from C-H bond cleavage on
the substrate.’®! Interestingly, calculations in which cationic
models for the Fe'™V=0 hydroxylating intermediate have
been employed, have resulted in one-step two-electron oxi-
dations of the substrate, leading to arenium ion intermedi-
ates,13>3¢ whereas a mechanism involving two consecutive
one-electron oxidations has been obtained for an overall
neutral model, with a free energy barrier of 16.2 kcalmol™!
(using B3LYP).33] Our results, obtained for a neutral
model, agree with the latter study not only for the involve-

Eur. J. Inorg. Chem. 2011, 2720-2732
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Scheme 3. The main electronic rearrangements as emerging from the calculations of the (Fe)O-C(benzene) bond formation, NIH shift,
tautomerization and protonation of the oxidized cofactor.

His290y.¢ay

TS[14a-15a]*
His290x.cay

Figure 8. Optimized transition state for the NIH shift involving
migration of the hydride on the oxidized carbon atom in the ben-

zene ring to an adjacent carbon atom. Distances are given in A

Figure 7. Geometry-optimized dienone resulting from the NIH
shift. The substrate has dissociated from the iron atom. Distances

are given in A.

ment of single-electron transfers. The calculated barrier en-
ergy (AG*oraisp = 15.7 kealmol !, i.e. excluding dispersion
for comparison with ref.3%, AG*,,, = 12.6 kcalmol ") is also
similar when results from similar methods and basis sets

are compared.

Eur. J. Inorg. Chem. 2011, 2720-2732

NIH Shift

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The formation of the dienone, 2,4-cyclohexadiene inter-
mediate (structure 15a, Figure 7) involves a 1,2-hydride
shift (NIH shift) in which the hydrogen atom on the oxid-
ized benzene carbon atom migrates as a hydride to an adja-
cent carbon atom.

www.eurjic.org 2725
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Because of the prospect of facilitating the subsequent
tautomerization of the 2,4-cyclohexadiene through inter-
molecular proton transfers, the carbon atom close to
Glu286 and Wat4 was chosen as the recipient in the NIH
shift. The free-energy barrier for the NIH shift is calculated
to be 10.0 kcalmol ™! (see TS[14a—15a]*, Figure 8). The reac-
tion 14a — 15a is exergonic by 27.8 kcalmol™! and leaves
the oxidized substrate in the second coordination sphere of
the iron atom. Hydrogen bonds can be observed between
Glu286 and one of the ketone hydrogen atoms as well as
between the ketone oxygen atom and the hydronium ion
(the protonated Wat4), the latter being particularly strong
(1.74 A). The position of the substrate thus prepares the
latter for the tautomerization to be mediated by Glu286 and
Wat4. In the most stable conformer (15a), the newly mi-
grated hydrogen atom interacts with Glu286.

A facile rotation of Glu330 (see Figure9) prepares for
the tautomerization of the ketone to the phenol. This rota-
tion changes the hydrogen-bond pattern directly by ruptur-
ing hydrogen bonds between Glu330 and the cofactor, on
the one hand, and by establishing an analogous bond to
His285, on the other hand. However, the rotation also af-
fects hydrogen bonds in the region around the substrate, by,
e.g., shortening the Wat4-O(benzene) hydrogen bond from
1.74 A in 15a to 1.60 A in 16b (both these structures are
given in the Supporting Information), thus preparing for
the proton transfer from Wat4 to the substrate. The transi-
tion state, TS[15a-16b]*, for the rotation of Glu330 is
shown in Figure 10. It should be noted that no product of
tautomerization (17) without this rotated Glu330 confor-
mation could be obtained in the calculations. In structure
16a, the hydrogen bond from the ketone to Glu286 involves
the hydrogen atom bound to the ortho-carbon atom prior

His285 Giy330 |

U

His290

16a
His290y ray+180°

Figure 9. Geometry-optimized structure with rotated Glu330. Dis-
tances are given in A.
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to the NIH shift. Conformers in which the hydrogen bond
to Glu286 involves the newly migrated (in the NIH shift)
hydrogen atom have been found to be of competing stability
(within ca. 1 kcalmol™! less stable than 16a, see the Sup-
porting Information). This result indicates that both hydro-
gen atoms on the sp3-hybridized carbon atom can be lost
in the tautomerization, in agreement with results from the
oral L-[>?Hs]Phe loading test in combination with mass spec-
trometry performed by Lehmann et al.l*¥l They concluded
that the hydroxylation of Phe by PAH involved an NIH
shift, followed by random loss of one of the hydrogen atoms
at the sp3-hybridized carbon atom.

e

TS[15a-16b]*
His290x ay

Figure 10. Geometry-optimized transition state for the rotation of
Glu330. Distances are given in A.

Tautomerization

The final step in the transformation of the substrate
product is the tautomerization from ketone to phenol. Two
proton transfers occur simultaneously; from the sp3-carbon
atom of the ketone to Glu286 and from H;O* (Wat4) to
the substrate oxygen atom.

The proton-transfer step starting from 16a involves a
free-energy barrier of 8.5 kcalmol ! (see TS[16a-17b]*, Fig-
ure 11) and is exergonic by close to 16 kcalmol™!. The most
stable product of the proton transfers (17a, Figure 12) is
—45.7 kcalmol™' more stable than the starting structure of
the present study, 13a (Figure 3). Furthermore, the imid-
azole ring of His285 is rotated “upright” by ca. 90° com-
pared with the “in-plane” conformation seen for this resi-
due in 16. In the “upright” conformation in 17, Glu286 is
oriented so that the proton that was transferred to this resi-
due from the substrate in the tautomerization step now
forms a hydrogen bond with Wat4. Glu286 also forms a
hydrogen bond with the cofactor, which, in turn, forms hy-
drogen bonds with Glu330 and His290.
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His285 Glu330

His290 |
TS[16a-17b]*
H i3290x -ray+180°

Figure 11. Geometry-optimized transition state for proton trans-
fers from the substrate to Glu286 and from Wat4 to the substrate.
Distances are given in A.

3 - o5 5286

His285

Figure 12. Geometry-optimized structure after tautomerization
where the oxidized amino acid is now in the phenol form. Distances
are given in A.

Before protonation of the oxidized cofactor, His285 ro-
tates down again to an “in-plane” conformation, albeit in
an orientation ca. 180° relative to that of 16. This rotation
requires only insignificant activation (AG* = 1.2 kcalmol !,
TS[17a-18b}* in Figure 13) and results in structure 18b (in
the Supporting Information) which is slightly less stable
than 18a (Figure 14). The rotation of His285 allows for a
tight hydrogen-bonding pattern, facilitating the subsequent
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protonation of the oxidized cofactor. In particular, the “up-
right” His285 conformation leads to structures in which the
phenol is farther removed from Wat4 and the iron atom,
resulting in an energetically less favorable proton transfer.

Glu286 |
73

TS[17a-18b]*
His290y. 2y

Figure 13. Geometry-optimized transition state for rotation of
His285 after protonation of the substrate. Distances are given in

Glu286

His290 T

18a
H iszgo}( -ray+180°

Figure 14. Geometry-optimized structure with His285 rotated. Dis-
tances are given in A.

Protonation of the Oxidized Cofactor

The protonation of the oxidized cofactor is triggered by
a small change in the phenol orientation to accommodate
hydrogen bonds between the substrate hydroxy group and
both Glu286 and Wat4, instead of an interaction with Wat4
only. This rearrangement requires a negligible barrier
(3.9 kcalmol ™) (structure TS[18a—19a]*, Figure 15) and
hardly affects the binding of the cofactor to the iron atom
(structure 19a, Figure 16).

Rebinding of Water Molecules

To complete the catalytic cycle and regenerate the hexa-
coordinate iron complex from which the reaction was
started (structure 1 in ref['”)), the iron atom in 19 must
undergo dissociation of the oxidized cofactor and coordina-
2727
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TS[18a-19a]*
H i5290x_,w1ao-

Figure 15. Geometry-optimized transition state for the protonation
of the cofactor. Distances are given in A.

H i5290x-ray+1sn*

Figure 16. Geometry-optimized structure of the complex featuring
the protonated cofactor. Distances are given in A.

tion of three water molecules. Although the positions of the
water molecules in the binary complex involving the re-
duced cofactor, BHy, are known from the X-ray crystal
structure!'” on which the model in this study was based,
the positions in the binary complex with the oxidized cofac-
tor, as well as the order in which these positions should be
occupied, are unknown. The calculations show that coordi-
nation of the first water molecule in the position of Wat2
in the X-ray crystal structure, a position which is vacant
and appears to be accessible in 19, gives the most stable
complex (20a, Figure 17) with a bond enthalpy of
7.0 kcalmol™! (enthalpy of reaction 19a + H,O — 20a,
AH, o, = —7.0 kcalmol™!', AG,,; = 3.3 kcalmol™'). In com-
parison, the reaction enthalpy for water uptake at the posi-
tion of Watl is higher (AH,, = 3.7 kcalmol™!, AG,, =
11.4 kcalmol ™), as is the case also for Wat3 (AH,, =
-2.5 kcalmol™!, AG,,, = 5.5 kcalmol ). The oxidized cofac-
tor remains coordinated to the iron atom in all of these
structures.
2728
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His290x.;ay+180°

Figure 17. Geometry-optimized structure after binding of a water
molecule to the iron atom at the position of Wat2.

Continuing from 20a, a second water molecule should be
coordinated at the position of Wat3 (structure 21a, Fig-
ure 18), which is favorable (enthalpy of reaction 20a + H,O
— 2la, AH,,, = —7.7 kcalmol™!, AG,,;, = 0.0 kcalmol™)
compared with water coordination at position Watl (AH
= —0.7 kcalmol™!, AG,,; = 9.8 kcalmol™'). The Fe-O4 and
Fe-N5 bonds are broken upon uptake of the second water
molecule, and the cofactor dissociates from the iron atom,
resulting in a pentacoordinate iron complex with the oxid-
ized cofactor placed in the second coordination sphere,
maintaining strong hydrogen bonds with both Wat2
(1.70 A) and Wat3 (1.62 A). It is noteworthy that our calcu-
lations show that a feasible reaction is obtained in which
the oxidized cofactor only dissociates from the iron atom
after completion of the substrate oxidation. Explicit
attempts at dissociating the cofactor prior to this point have
not been undertaken, though. Nevertheless, the cofactor
acts as a bidentate ligand during the complete substrate oxi-
dation and would probably require significant activation in
order to be removed. More importantly, removal of the bi-
dentate cofactor would leave the iron complex with an unre-
alistically low coordination number. The complex would

21a
H i5290x.,,,+1su-

Figure 18. Geometry-optimized structure after binding of the sec-
ond water molecule to the iron atom in the position of Wat3.
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rapidly be saturated by water ligands, with the formation of
hydrogen peroxide as the probable result.[*>4°] Our calcula-
tions thus suggest that the products are released only when
both oxidation reactions have been completed.

The coordination of the second water molecule in the
position of Watl gave a structure in which the cofactor re-
mained coordinated to the iron atom. The higher free en-
ergy of the latter structure (by 9.8 kcalmol™) compared
with that of the dissociated cofactor (21a) indicates that the
cofactor is preferably dissociated from the iron atom during
coordination of the second water molecule.

The last water molecule was coordinated to the iron atom
at the position of Watl, with an enthalpy AH, =
—9.9 kcalmol™! (AG,,; = 5.2 kcalmol™!) relative to 21a (cf.
structure 22a, Figure 19). The hexacoordinate iron complex
with three ligating water molecules is now restored and af-
ter release of the products a new catalytic cycle can start.
The release in free energy when removing the phenol from
the second coordination sphere of 22a is 3.3 kcalmol!, and
the resulting iron complex with the oxidized cofactor
(pterin-4a-carbinolamine; see Scheme 2) is 62.4 kcalmol™!
more stable than the hexacoordinate complex (la, cf.
ref.l'”l). The net overall reaction is benzene + O, + BH, —
phenol + 4a-HO-BH,, with a corresponding free energy of
reaction calculated to be —62.8 kcalmol!. The close agree-
ment between the result for the catalyzed and the uncata-
lyzed reaction is gratifying. The slightly lower exergonicity
of the former is expected since the oxidation of the cofactor
reduces its affinity towards the active-site-metal com-
plex.#7481 Tt should be noted that the same computational
strategy (see the Computational Details section) for ob-
taining thermodynamic functions has been followed in all
calculations. This implies that the reference state (the as-
ymptote for the calculation of relative free energies) for mo-
lecules taken up or released from our enzyme cluster model,
including water molecules rebound to the iron atom to con-
clude the catalytic cycle, is that of an unspecified site in
the protein environment, i.e. a single molecule experiencing
average polarization effects from the surrounding protein.

The above considerations concerning rebinding of water
molecules have only been based on thermodynamics. The
highest barrier to water binding should be expected for the
sterically most congested complex, i.e. for coordination to
21a, where it would represent the rate-determining step of
the catalyst regeneration part of the reaction, i.e. the part
following the tautomerization. However, an analogous tran-
sition state for dissociation of a water ligand from the hexa-
coordinate iron starting complex 1 has been located. This
transition state represents a barrier amounting to
4.4 kcalmol™' from 1, suggesting that a barrier of similar
magnitude should be operative for the corresponding water
dissociation from 22a. Assuming that water binding and
dissociation follows the same path in these complexes, the
effective barrier in the catalyst regeneration part of the reac-
tion is estimated to be 13.1 kcalmol !, i.e. similar to that
for (Fe)O—C(benzene) formation and slightly lower than the
rate-determining barrier energy for the overall catalytic re-
action (13.9 kcalmol "), pertaining to the formation of the
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22a
His290x 2y

Figure 19. Geometry-optimized structure with the last water mole-
cule bound to the iron atom at the position of Watl.

Fe'V=0 hydroxylating species.?¥ The most stable interme-
diate in this part of the reaction (18) is located ca.
9 kcalmol™! below the final point (22) in free energy. The
effective rate-limiting step used in our previous study®¥ was
calculated relative to an intermediate (3a), 6.9 kcalmol be-
low the starting point (1a).'”! From the second catalytic
cycle and onwards the effective rate-limiting step should be
calculated relative to 18, resulting in an energy barrier
(15.8 kcalmol ') that is in even better agreement with the
experimental data (15.6 kcalmol!).[>349]

Conclusions

Using a cluster model based on the X-ray crystal struc-
ture of the catalytic domain of hPAH in a binary complex
with the cofactor (hnPAH-Fe"-BH,), we have followed, by
means of DFT calculations, the oxygen insertion mecha-
nism for the hydroxylation of benzene (as a model of the
aromatic amino acid substrate) to phenol as mediated by
the Fe!V=0 intermediate. The water-free gas-phase cluster
model that constitutes the starting point in this study was
arrived at in previous studies of water-ligand dissociation
2729

WWW.eurjic.org



FULL PAPER

E. Olsson, A. Martinez, K. Teigen, V. R. Jensen

from the hexacoordinate iron complex of the hPAH-Fe!'-
BH, enzyme resting statel'”) and the subsequent formation
of the high-valent hydroxylating intermediate.**! This
Fe'V=0 cluster model contains no iron-coordinating water
molecules, has the pterin cofactor placed in the first coordi-
nation sphere of the metal atom, and differs substantially
from the cluster model applied in previous studies.[33-36]

In the present investigation of substrate hydroxylation,
we find that the first step, the electrophilic aromatic ad-
dition [i.e. the formation of the (Fe)O-C(benzene) bond], is
associated with an activation free energy of 12.6 kcalmol'.
In comparison with the corresponding calculations for ini-
tial parts of the catalytic cycle,”¥ this barrier is ca.
1 kcalmol™' lower than the overall effective energy barrier
for the formation of the Fe'V=0 species (13.9 kcalmol ).
These calculated barrier heights are in excellent agreement
with the fact that, in most cases, formation of the hydroxyl-
ating intermediate appears to represent the rate-limiting
step, although there are also examples where oxygen inser-
tion into the amino acid substrate takes on a partial or
complete rate-determining role,>2”! indicating that the two
barriers are intrinsically of comparable magnitudes and that
their relative order may be modified by the exact choice of
enzyme, substrate, and cofactor.

The final steps of the substrate hydroxylation, the 1,2-
hydride shift (NIH shift) to generate the dienone and the
tautomerization to reach the phenol form, are both associ-
ated with comparably lower barriers (10.0 kcalmol™! and
8.5 kcalmol™!, respectively), and the subsequent proton-
ation of the oxidized iron-bound cofactor to give the ex-
pected pterin-4a-carbinolamine product is facile (AG¥,, =
3.9 kcalmol ™).

For the first time in a molecular-level computational
study of the AAH mechanism, completion of the catalytic
cycle and regeneration of the catalyst are achieved. The re-
generation of the enzyme resting state involves rebinding of
water molecules and decoordination of the pterin-4a-carb-
inolamine and is thermodynamically facile. Calculations of
water dissociation and cofactor coordination for the same
model complex!!”l suggest that the associated barriers
should be comparable to that of (Fe)O-C(benzene) bond
formation, i.e. somewhat lower than that of the overall rate-
determining step. Another difference from previous compu-
tational studies®*-3¢! is that our calculations predict that no
product is released before the oxidation of both the sub-
strate and the cofactor has been completed, and this is in
agreement with the observation that no product is released
prior to the binding of all substrates.>?!

Computational Details

All calculations were performed using Becke’s three-parameter hy-
brid-generalized gradient approximation (GGA) density functional
(termed B3LYP)P%31 as implemented in the Gaussian 03 suite of
programs.®?l All minima and transition states were fully optimized
and characterized using algorithms involving analytical first and
second derivatives of the energy. Translational, rotational, and vi-
brational partition functions to give thermal corrections (AHg,
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and AGy,,) were computed from the harmonic frequencies at 298 K
within the ideal-gas, rigid-rotor, and harmonic-oscillator approxi-
mations according to standard procedures. For the geometry opti-
mizations and the vibrational analyses the basis sets used (termed
LANL2DZ) are described as follows: For iron, the Hay and Wadt
effective core potential (ECP)P3 was used for the 10 inner electrons
in the 1s, 2s, and 2p shells. The outer electrons in the 3s, 3p, 3d,
and 4s shells were described by the Hay and Wadt (5s,5p,5d) primi-
tive basis set’®¥ contracted to [3s,3p,2d]. Standard Dunning and
Hay valence double-{ basis sets® were used to describe the hydro-
gen, carbon, nitrogen, and oxygen atoms.

Single-point (SP) energy calculations, giving energies termed
Egpgas, Were performed on the optimized geometries using the
B3LYP functional in combination with basis sets that were im-
proved compared with those used in the geometry optimizations.
For iron, the Hay and Wadt (5s,5p,5d) primitive basis setl>3! was
contracted to [4s,4p,3d]. For hydrogen, the Dunning and Hay
double-{ basis set> was extended with single sets of diffuse s and
polarization p functions, resulting in a (5s,1p) primitive basis set
contracted to [3s,1p]. For carbon, nitrogen, and oxygen, the Dun-
ning and Hay standard valence double-{ basis sets’># were extended
with single sets of diffuse p and polarization d functions, resulting
in (9s,6p,1d) primitive basis sets that were contracted to [3s,3d,1d].

A polarized continuum model (PCM)>3! was used in the final SP
calculations to model the polarization effects from the surrounding
protein. The resulting solvation energies are termed AE,. A di-
electric constant (¢) of four was used in the calculations in which
the temperature was set to 298 K. Only electrostatic terms were
included. The Bondi set of atomic radii®® was used to construct
the cavity. Finally, standard density functionals based on the GGA
approximation, including the currently applied B3LYP functional,
do not account for noncovalent dispersion-type interactions. We
have thus included an empirical term for long-range dispersion,
leading to corrections termed AEg;p, in our final energy estimates,
which thus can be termed “B3LYP-D”.57] In general, GGA-based
methods including such an empirical term (i.e. DFT-D) show sub-
stantial improvement in accuracy over the parent DFT functionals,
and in particular reduce the systematic tendency towards un-
derbinding.57-¢%

The three water molecules that are rebound to the iron atom at
the end of the catalytic cycle were treated as originating from an
unspecified site in the protein environment. The energy of such
water molecules not coordinated to the iron atom was calculated
assuming a single, gas-phase water molecule experiencing average
polarization effects from the surrounding protein, i.e. the general
strategy described above. This strategy does not account for the
specific interactions that would exist between such a water molecule
and hydrophilic amino acid residues in the protein. However, at the
same time this approach overestimates the entropy of the single
water molecule, presumably leading to substantial error cancella-
tion. Alternatively, the water molecules could have been treated as
originating from bulk water.[®!] Whereas using bulk water as a ref-
erence state should lead to stabilization of this state since condensa-
tion of water is spontaneous (by 2 kcalmol!)®Z at 25°C, a
5.6 kcalmol ™! destabilization due to the removal of the average po-
larization effect from the protein environment (the PCM treatment
described above) also has to be factored in. The result would be a
modest overall destabilization (amounting to 3.6 kcalmol!) of the
reference state for each water molecule compared with the current
in-protein asymptote. In such a scenario, the more favorable water
coordination to the iron atom would flatten the free energy surface
of the water dissociations and associations at the initial and final
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stages of the overall catalytic reaction, respectively. The rate-de-
termining transition state would still be that of the one-electron
transfer from the cofactor to dioxygen leading up to the formation
of the Fe!V=0 hydroxylating species. However, because of the less
favorable initial water dissociation, the lowest-lying intermediate
(2) from which the overall effective barrier would have to be calcu-
lated would be less stable (1.7 kcalmol~! below the asymptote) than
with the current in-protein water reference state, leading to a lower
calculated energy barrier (8.7 kcalmol ). In other words, the refer-
ence states for water molecules and substrates influence the abso-
lute barrier heights. The mechanism itself, however, is not affected.

Natural charges and natural spin densities for the iron atom, the
oxygen atoms in dioxygen, and the cofactor BH,, as well as the
Wiberg bond index for Fe-Oa, Oa—Ob, and Ob—C4a were obtained
using natural population analysis (NPA)®3 as implemented in the
natural-bond orbital (NBO) program.[®4

The above-described energy contributions, the relative energies, and
enthalpies reported in this study are defined as AGspgas = AEgp gas
+ AGgas, AGtol = AE‘S]’,gas + AE‘solv + AE‘disp + AGgas, AGtol-disp =
AESP,gas + AEsolv + AGgas: and AHlol = AE*S]",gas + Al':solv + AEdisp +
AHg,, Unless otherwise stated the free energies are given as AGiq,.

Supporting Information (see footnote on the first page of this arti-
cle): Alignment of 12a and 13a (Figure S1); total energies, thermo-
chemical, dispersion, and solvent corrections (Table S1), relative
energies and enthalpies (Table S2), natural charges (Table S3),
Wiberg bond indices (Table S4), spin populations (Table S5), and
Cartesian coordinates calculated for the stationary points and con-
formations located along the reaction path.
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