ZUSCHRIFTEN

thermochemical energy scale.l'>) The more reactive oxoiron
porphyrin systems!' are under current investigation.
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The High-Valent Compound of Cytochrome
P450: The Nature of the Fe—S Bond and the
Role of the Thiolate Ligand as an Internal
Electron Donor**

Francois Ogliaro, Shimrit Cohen, Michael Filatov,
Nathan Harris, and Sason Shaik*

Recently, Schlichting et al.lll have used time-lapse X-ray
crystallography to “photograph” the hydroxylation pathway
of camphor by cytochrome P450.,, which includes the
elusive, high-valent iron-oxene species (1 in Scheme 1a). In
response to this exciting work, we present here an extensive
density functional theoretical (DFT) investigation of iron
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Scheme 1. Selected X-ray diffraction data for a) the high-valent P450 iron

oxene species 1. 4 indicates the protrusion of the iron center from the
porphyrin plane. b) Model systems 2a—c.

oxene (2a—c¢, Scheme 1b) with emphasis on geometry,
electronic structure, and unusual features of the Fe—S bond-
ing. Thus, while the X-ray diffracting species!!) qualitatively
fits iron oxene, its precise geometric data are less certain. For
example, the distance between the iron and the proximal
ligand, rg.s, appears quite short but the value 2.3 £0.2 Ahasa
significant uncertainty. Another uncertainty, discussed by the
authors,l'! is the possible contamination by an additional
species. Theory®? itself has not as yet settled on a value for this
distance, which appears to vary between 2.37-2.69 A for
different models systems and computational levels.Zl An
associated issue is the theoretical characterization of the
flexibility of the Fe—S linkage in 1 and the role of the thiolate
ligand as an internal electron donor.P! A still uncertain feature
of P450 iron oxene is whether it involves a porphyrin cation
radical, as in the analogous Compound I species of horseradish
peroxidasel* and synthetic models,[*®! or, rather, does it possess
a sulfur radical situation,?*<l or perhaps a resonance hybrid of
these forms.>31 A related question concerns the spin-state
identity; high-spin as in some Compound I species,***! or low
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spin as in chloro peroxidase.l*] These issues, and the great
interest in P450 iron oxene as a potent oxidizing agent,! call
for a theoretical treatment focused on these points.

This paper presents a DFT study of the four lower-most
states of Compound I for three different thiolate ligands (2a—
¢ in Scheme 1b), as isolated molecules and in a polarizing
medium. Calculations were done with the GAUSSIAN98
package® using the unrestricted hybrid-functional
UB3LYP!" with full geometry optimization. Four basis sets
were used, labeled as B1 —B4.[8- 91 The least extensive, B1, uses
an effective core potential and the double-zeta quality
LACVP basis set.®! The most extensive, B4, uses the all
electron 6-311+ G* basis set.l] Solvent calculations were
carried out with the TEF-CPM model™ implemented in
GAUSSIAN;% which used a dielectric constant for water of
e =78. The effect of a low dielectric constant was tested with
the solvation with JAGUAR using ¢ =5.7 (for C,Cl;).['!l The
electric field and hydrogen bonding in the protein pocket are
very important.['Zl Qur solvent calculation represents a simple
way to approach the problem and we must emphasize that the
calculations are intended only to reveal trends induced by
medium polarization. As will be shown later, the trends for
¢=25.7 and ¢ =78 are identical.

P450 iron oxene has four low-lying states, each of which is a
tri-radicaloid, as depicted in Scheme 2. Two of the unpaired
electrons occupy the m* orbitals of the ferryl group with a
triplet overall spin. The third electron is coupled to the triplet

a

: i
) y e (‘ Ay
x O=——po®

50

[ NWE

R

b) 0

n*(FeO)# _L Ay
= P

4,2A2u 4,2|—|S

% (FeO) + # _1_ P(S)
e ar

Scheme 2. Key orbitals and tri-radicaloid states of P450 iron oxene.

pair in either a ferromagnetic or antiferromagnetic manner, to
give a quartet and doublet spin states.>* The *?A,, states
(Scheme 2b) arise from a single occupation of the “a,,”
orbital, which is composed of the corresponding a,, orbital of
the free porphyrin mixed with the p,(S) orbital (see Sche-
me 3 a). The “?I1; states involve single occupation of the sulfur
p(S) orbital (Scheme2c) mixed with the d, (*(FeO))
orbital. State characterization was achieved by a detailed
inspection of the unrestricted Kohn-Sham orbitals and by
transformation of these orbitals to the corresponding delo-
calized natural orbitals.'¥] In C, symmetry, there is interstate
mixing but the A,, or Il parenthood is still recognizable by
the natural orbital analysis.

4010 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

The relative ordering of the four states derives from the
relative - versus o-donor capability of the thiolate ligand
with respect to the porphyrin (through its a,, orbital) and,
therefore, depends on the thiolate ligand, the porphyrin
substituents, and the polarization due to electric field or
hydrogen bonding in the protein pocket (which also possesses
a water population!"'?1). The three ligands of choice (2a-c)
and the solvent calculations can reveal insight regarding these
factors.

Table 1 shows the relative energies of the A,, and Il state
types for the different ligands at the optimized geometries.!® *!
The energy spacing within the state types is much smaller (see
Figure 1). It is seen that, while for L=HS~ (2a) and CysS~

Table 1. A,,—TIIenergy gapsl®! for the model systems in different basis sets
(Bi). In parentheses are values obtained for a fixed geometry of the
corresponding ground state.

24
AE (kcal mol™)

2'4A2u

Basis set L=
HS- (2a) CH,S~ (2b) CysS™ (2¢)

Bl 5.46 (6.17) 0.31 (1.68) 7.75 (7.86)
B2 4.86 (5.34) 0.20 (1.29) - (6.81)
B3 5.33 (6.32) 0.66 (-) -(-)

[a] In kcalmol .

(2¢), the A,,—TIg energy difference is appreciable; in the case
of L =CH,S~ (2b), the four states are jammed into a space of
about 1 kcalmol~'. The CH,S~ ligand, the best -donor among
the three ligands, over stabilizes the Il states relative to the
A,, states. Single-point values using the optimized *A,,
geometry for all the four states, are given in parentheses in
Table 1 and show that the trend is independent of the precise
geometric details of the different states. This trend persists
even if the B3P86 functional is used instead of B3LYP. Thus,
HS~ appears to be a more faithful mimic of the full CysS~
ligand. This is apparent also from the Fe—S bond dissociation
energies (see below). Thus, HS™ is the choice model ligand for
CysS~. As recently pointed out,?] an alternative model is one
which uses L =CH;S~ but with the full protoporphyrin IX
moiety. In this case, the porphyrin substituents level the
relative donor abilities of the proximal ligand with respect to
the porphyrin ring.

Figure 1 shows the two lowest states for the three ligands, in
different basis sets and with a solvation effects included (¢ =
78). In agreement with others,?*<dl for 2b, better basis sets and
medium polarization favor the doublet state for all three
ligands. Using the low dielectric constant (¢ =5.7) for 2a gave
precisely the same trend, preferring slightly the doublet state.
This conclusion is in accord with EPR assignmentl* of the
ground state in Compound I of chloro peroxidase. The J
valuel' for 2a in a solvent is —42 cm~!, in accord with the
EPR data®! (—37 cm™!). Considering experimental uncer-
tainties! and the accuracy limits of the DFT method, this
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Figure 1. *A,,—2A,, energy gaps for the model systems for different basis
sets and with solvent polarization.

agreement must be taken with caution. A prudent conclusion,
at this point, is that the two states are predicted by theory to
be virtually degenerate. The factors involved in the choice of
the ground state will be discussed later.

Figure 2 shows the geometries of A,, states in different
basis sets; in C, symmetry for the first two ligands and in C; for
the full cysteinato ligand. C, results for 2a show that the C;
and C, geometries and energies are very close.l'’] The geo-
metric parameters of the FeO porphyrin moieties are almost
invariant and agree with experimental estimates[! 1 in
Scheme 1. Also in agreement is the protrusion of the Fe atom
above the porphyrin plane, which itself undergoes a modest
ruffling of a few degrees. The Fe—S bond (for the choice
ligands HS~ and CysS~) is about 0.3—0.4 A longer than the
experimental estimate. However, the discrepancy may not be
all that large considering the experimental error bar
(£0.2 A).N The Fe—S distance varies with the donor capa-
bility of the ligand; it is the longest for 2b? and shortest for

2a. The doublet state, as a rule, has a longer bond than the
quartet state.l?d!

Figure 3 a shows the state ordering as a function of the Fe—S
distance for 2a. At longer Fe—S distances (>2.7 A), the
ground state is 2A,,, while at shorter distances the ground
state is *A,,. Based on approaches for diradicaloids,!'® ! the

a) 930 b) 1
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Figure 3. a) States energies (for 2a; B1 level) as a function of the Fe—S
distance. b) SH spin densities for *A,, and “Ilg as a function of the Fe—S
distance. The corresponding spin densities for the low-spin states are
negative and have a mirror image behavior to the high-spin states.

major factor is the exchange integral, Kj;, of orbitals i and j
which accommodate the unpaired electrons. High-spin states
are favored by a large Kj;, as conferred when the two orbitals
share common atoms. When the orbitals are disjointed, Kj; is
small and the low-spin state will be favored by virtue of
superior Coulomb correlation. By reference to Scheme 2, the
two orbitals which will determine the ground state spin are the
“ay,” and d,, orbitals (the in plane mwtf,,). These orbitals are
virtually disjointed and have a small exchange integral

(Scheme 3a,b). However, since the two orbitals are of the

b)
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— € —
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[1.628 (1.626)] [1.618 (1.615)] ‘ q—S
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Fo  mm— — Fezme) — Fezfmg) Scheme 3. Contour plots of a) the “a,,” and b) ntfo
2586 (2.631) 764 (2. : : _ : Gy » b
0987 (98.7) (257 @613 1111 (1110) [2.749 (2.757)] Kohn -Sham orbitals, and c) the natural “a,,” orbital.
[%%17 (%%%)] {2.619 (2.669)} [111‘.2(10719)] S{2-909 (2.946)} 114.1 (114.1) ( s
{977 (7.9} {100.8(1095)} ¢ 4 same symmetry species, one expects some
H CH3 Cys

mixing, which is readily apparent by inspec-

«

A= 0142 (0219) tion of the natural “a,”-type orbital

A=0.179 (0.281) A =0.169 (0.163)

[0.145 (0.156)] [0.184 (0.174)] (Scheme 3c¢). The shorter the Fe—S distance,

{0151 (0.166)} {0.212 (0220} the stronger this admixture and the corre-
r(Fe-N) = 2.015 (2.015) r(Fe-N) = 2.012 (2.012) r(Fe-N) = 2.016 (2.016) sponding exchange integral K., - .. increas-

[2.016 (2.016)] [2.013 (2.018)] . > = 2"

{2.017 (2.017)} {2.017 (2.017)} ingly favors the high-spin *A,, state. Thus, at

short Fe—S distances, the *A,, high-spin state
is the ground state while at longer distances
the low-spin 2A,, state is preferentially stabi-
lized and becomes the ground state.['7?]

Figure 2. Optimized geometries for the *A,, and A, states of the model systems (C!"! for
HS- and CH,S-, and C; for CysS~). Unbracketed values correspond to B1; those in square
brackets to B2, and those in curly brackets to B3. The A values [A] correspond to the
protrusion of the Fe atom above the porphyrin plane; r(Fe—N) is the average bond length.
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Since the spin identity of the ground state depends on the
Fe—S bond distance, one wonders how variable is the bond
length. As seen in Figure 3 a, a displacement of the Fe—S bond
over 1 A, costs about 6 kcalmol-! (at most, since we did not
allow for geometric relaxation during stretching). Especially
soft is the direction of bond shortening from 2.8 —2.4 A which
requires about 1 kcalmol~'. Clearly, thiolate enzymes, with
different constraints on Fe—S distance and differing proximal
pocket polarities which attenuate the donor ability of the
thiolate['?! will possess slightly different Fe—S bond distances
and have either “A,, or 2A,, as ground states. A spin state
equilibrium®< or mixed-spin state situations are likely.

The fluxionality of the Fe—S bond is rooted in the thiolate
spin-density variation in Figure 3b, which shows that the A,,
spin density starts as approximately 0.5e at short distances
and increases with Fe—S elongation. Thus, the Fe—S bond
elongation is attended by internal charge transfer from the
thiolate toward the porphyrin “hole”. In fact, iron oxene
dissociates into the neutral (porphyrin)FeO and the thiolyl
radical, with effectively a very small bond dissociation energy
D of 6.3 (2¢), 6.9 (2a), and 3.0 kcalmol~! (2b). As shown in
Scheme 4, the bond dissociation involves a crossing of

a) 8'C|') # b) 8'|O' ‘7 c) 3T 'T
L P i@ﬁ_ — _*‘%e _
O@@ [>T o s®
\ \ \

R R R

.&

lFeg—>

Scheme 4. Resonance contributors to the electronic structure of P450 iron
oxene and their relative energies as a function of the Fe—S distance.

resonance structures;’*43*<l one (a) involves a thiolate
anionic state and the other (b) involves a o-thiolyl radical
situation. At shorter distances (<2.6 A) both (a) and (b) mix
and contribute to the electronic structure. As the Fe—S bond
becomes longer, the thiolyl radical structure (b) is stabilized
and eventually crosses below (a). Another form, (c), nascent
from the II; states, will also cross as it is virtually degenerate
with (b) at the dissociation limit. The three forms mix, avoid
the crossing, and thereby induce a flat potential and an
effectively weak bond energy. The role of such resonance
forms, termed also “redox tautomerism”,4 has been postu-
lated based on experimental findingsP»¢ 5>l and is supported
here by theoretical calculations. The imprint of this mecha-
nism should be tractable, as demonstrated by vibrational
spectroscopy of the high-spin ferric form of P450,,,,.5"

In summary, the Fe—S bond of Compound I has a small
bond dissociation energy (6 —7 kcalmol~!) and is flexible, due

4012 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

to internal charge transfer from the thiolate to the porphyrin
ring. Our solvent calculations show that, irrespective of
dielectric constant, the polarization of the medium reduces
the thiolate spin density. Should the same effect be exerted
within the protein pocket,?! then, based on the relation in
Figure 3b, some shortening of the Fe—S bond would be
expected. Such an effect, imparted by hydrogen bonding, has
been demonstrated recently in model compounds.'?f Tt
follows also that isoforms of P450 and related thiolate
enzymes (like CPO, NOS, and so forth), which differ in their
pocket polarities!'?><! and acidities may possess different Fe—S
characters and spin situations. This prediction merits appro-
priate computational tests.

As pointed out, the C; symmetry will cause some Ilg—A,,
state mixing, due to rehybridization of the p.(S) and p,(S)
orbitals. This mixing will increase as the Fe—S bond stretches
and tilts off axis in the C, plane (Scheme 4).'""! Significant
spin-orbit coupling conferred by the sulfur atom will further
enhance the rate of spin-state transitions through >*I1g—*?A,,
mixing.P® 17 This latter feature, as well as the bond flexibility,
are likely to have an impact on the oxidative reactions of
Compound .24 181
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Formation of Novel Ordered Mesoporous
Silicas with Square Channels and Their Direct
Observation by Transmission Electron
Microscopy**

Tatsuo Kimura, Takayuki Kamata, Minekazu Fuziwara,
Yuri Takano, Mizue Kaneda, Yasuhiro Sakamoto,
Osamu Terasaki, Yoshiyuki Sugahara, and

Kazuyuki Kuroda*

Since the discovery of an ordered mesoporous silica,!!! the
preparation of various mesoporous silicas by using surfactant
assemblies has been developed.>*] These mesoporous silicas
have proved to be highly applicable as catalysts, catalyst
supports, and adsorbents for relatively large molecules,
which has stimulated a number of studies including both
morphological controll®7 and compositional variations.?* & *
However, all the structures reported so far have been
governed by the geometrical packing of surfactantst %
because the formation of the mesostructured precursors relies
on the cooperative organization of inorganic species and
surfactants.''l Herein, we report on the formation of novel
mesoporous silicas (denoted as KSW-2) with rectangular
arrangements of square or lozenge one-dimensional (1D)
channels by mild acid treatment of a layered alkyltrimethyl-
ammonium (C,TMA)-kanemite complex. Mesostructured
precursors of KSW-2 formed through the bending of individ-
ual silicate sheets of kanemite. The square or lozenge shape of
the relatively ordered pores has not previously been found
among the reported mesoporous and mesostructured inor-
ganic oxides.

Kanemite (NaHSi,Os-3H,0), a mineral, is made up of
layered polysilicates composed of SiO, tetrahedral units,?!
and the crystal structure was recently determined by Gies
et al.l®l Kanemite is a layered silicate composed of single
sheets such as 0-Na,Si,Os5 and KHSi,Os; the sheets are
constructed by connecting 6-rings of SiO, tetrahedra wrinkled
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