FULL PAPER

DOI: 10.1002/chem.200800648

Models of the ox1 State of Methylcoenzyme M Reductase:

Where are the Electrons?

Emmanuel Gonzalez and Abhik Ghosh*!®!

Abstract: The nature of the nickel
center in the ox1 form of methylcoen-
zyme M reductase (MCR,,), the
enzyme that catalyzes the last step of
biological methanogenesis, has long
been controversial. A recent pulse
electron  paramagnetic  resonance
(EPR) study suggested a Ni"-thiolate,
or equivalently a high-spin Ni" thiyl
radical, description. The MCR,, hyper-
fine parameters are best interpreted in
terms of a Ni d.._. SOMO, although a
pure d._,, SOMO does not explain the
fact that about 7% of the spin-density
resides on the sulfur. The key goals of
this DFT (PW91) study were to judge
whether the Ni'-thiolate description is
chemically sensible and, if so, to pro-
vide a detailed molecular orbital (MO)

late description was indeed found to be
reasonable and was obtained as the
ground state for symmetrized (C,) oxa-
porphyrin-, pyriporphyrin-, and isopor-
phyrin-based model complexes, as well
as for a more realistic, biomimetic
model. The model calculations yielded
a number of insights, key among which
are the following: 1) Although the
SOMO topology may be viewed as
d,._o-like, this MO also has a substan-
tial amount of metal d, character, al-
lowing it to overlap with a thiolate o
lone pair, which would otherwise be or-
thogonal. 2) In one case (isoporphyrin),
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we were able to exploit the symmetry
of the molecule to independently opti-
mize the (d. )" and (d.)" Ni'' states,
which turned out to be very close in
energy. 3)The near-degeneracy of
these two states provides an elegant ex-
planation for the tendency of these two
orbitals to hybridize. Admixture of
substantial d. character into the d._ -
type SOMO of our most realistic
model of MCR,, results in a small but
distinct spin population of about 0.04
on the sulfur, apparently nicely con-
firming the conclusions derived from
the pulse EPR study. Other pure func-
tionals also confirm this picture, al-
though the hybrid functional B3LYP
yields a spin-density profile that is
clearly at odds with the EPR study.

description of MCR,,,. An Ni"-thio-

Introduction

The methanogens are a class of the strictly anaerobic Arch-
aea that derive their energy by the stepwise reduction of
carbon dioxide to methane (the methanogenesis cycle).!!
The elucidation of the biochemical pathway of methanogen-
esis, largely by the research groups of Wolfe” and Thauer,”!
over the past quarter-century, stands as a landmark in bio-
chemistry. In the course of the methanogenesis process, a
one-carbon fragment is passed between a number of unusual
cofactors. Our focus here is on the last, methane-evolving
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step of this process, which consists of the two-electron re-
duction of a methylthioether, coenzyme M (CH;-S-CoM),
by a thiol, coenzyme B (N-7-mercaptoheptanoylthreonine
phosphate, CoB-SH), as shown in Equation (1):

CoB-SH + CHj;-S-CoM — CoB-S-S-CoM + CH, 1)

The reaction is catalyzed by the enzyme methylcoenzyme M
reductase (MCR)." A key component of the active site of
MCR is coenzyme F;,, a unique and highly reduced nickel
hydroporphyrin, whose structure is shown in Figure 1. The
active form of the enzyme, referred to as MCR, g, features
the (presumably) tetracoordinate d._,.' nickel(I) state of the
cofactor,” whose stability is due primarily to the mono-
anionic nature of the Fg ligand (as distinguished from di-
anionic porphyrin ligands). Several additional forms of the
enzyme are known.

In this study, we are concerned with an enzymatically in-
active but “ready” form of the enzyme, MCR,,;, which can
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Figure 1. Structures of interest: a) coenzyme F,;, b) our simplified model
F'43, and c¢) model ligands used in this study, including oxaporphyrin
(OxaP), pyriporphyrin (PyP), and dimethylisoporphyrin (IsoP).

be readily reduced to the active redl state. The MCR,,
form is to be distinguished from MCR, 4w, an electron
paramagnetic resonance (EPR)-silent S=1 Ni" state, that
cannot be readily reduced to redl. A crystal structure of
MCR ;1 gien: Shows that the nickel center is axially coordinat-
ed by the thiolate sulfur of coenzyme M and the oxygen of
the GIn*' residue.’! MCR,, enx may be converted to
MCR,, by cryoirradiation (earlier thought of as cryoreduc-
tion),!"! suggesting that both states may share a similar coor-
dination sphere. The MCR,, state is S='/, and EPR-active
and resembles redl in that in both cases the unpaired elec-
tron appears to reside in a Ni d,._,» orbital. Both the g-value
ordering (g||>g L >g.) and large hyperfine couplings (25—
36 MHz) to the F,;, nitrogen atoms support this assignment.
Thus, a strong case has been that MCR,, like red1, also has
a Ni' center.
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The oxidation state of MCR,,; has provoked controversy,
one that we will not recount here. The latest pulse EPR evi-
dence indicates that the nickel center is most likely Ni'™
with a t,°d,. ' electronic configuration.”* Though uncom-
mon, such an electronic structure is well-established for syn-
thetic Ni porphyrin! intermediates as well as for the crucial
Ni"-methyl/alkyl MCR catalytic intermediates, which have
been recently detected by a number of groups.'"” DFT cal-
culations also supported the viability of such intermediates
early on.'"'? Interestingly, the recent pulse EPR study!”! of
MCR,,, also indicated that the thiolate sulfur carries a small
but non-negligible amount of spin density, about 7% of the
total, which cannot be explained in terms of a pure dxz,yz1
electronic configuration.

If the Ni'™-thiolate, or equivalently a high-spin Ni" thiyl
radical, description is correct, then MCR,, joins the grow-
ing ranks of bioinorganic intermediates featuring a formally
high-valent transition-metal complex with a highly reducing
anion as a ligand. High-valent intermediates of the heme-
thiolate proteins provide additional examples of such spe-
cies.™™ Thus, chloroperoxidase compoundII is now recog-
nized as an S=1 FeY-SCys species." In the same vein,
Groves and co-workers reported a synthetic S=1 Fe-
(OMe), porphyrin species.™” Such species are of electronic-
structural interest on account of the large number of low-
energy states that are potential contenders for the ground
state. By and large, heme-based intermediates of this type
have been studied in some detail by means of DFT calcula-
tions."**1*] However, a similar theoretical exploration of
MCR,,; has not been reported, a gap in our understanding
that we have attempted to address in this study.

Notably, the dxz,yz1 configuration of MCR,,; implied by
EPR measurements cannot be the only low-energy configu-
ration. Could the unpaired electron not reside in the d.. or-
bital? Could we not have a low-spin Ni" center bonded to a
thiyl radical ?1'® Regular DFT calculations on “high-fidelity”
models of the MCR,,, active site cannot shed light on this
issue because such calculations can only yield the ground
state. Time-dependent DFT calculations are also not expect-
ed to be reliable in this context, given their inability to cor-
rectly describe long-range charge-transfer transitions."”” To
explore the electronic-state manifold in more detail, we
chose to employ a series of symmetrized models that per-
mitted us to calculate multiple states by fixing different elec-
tron occupancies per irreducible representation. Our models
are based on a number of monoanionic (monoprotic) por-
phyrin analogues—oxaporphyrin (OxaP), pyriporphyrin
(PyP), and dimethylisoporphyrin (IsoP)—shown in Figure 1.
The results of these model studies proved insightful and
have helped place the electronic structure of MCR,,; in a
much clearer theoretical context.

Methods

The molecules studied were all optimized with the PW91¥! generalized
gradient approximation (GGA) for both exchange and correlation, all-
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Table 1. Relative energies [eV] of different spin states of MCR ox1 models. Energy zero levels are indicated in bold.

Configuration State Occupations Configuration PWO1 OLYP//PWI1 B3LYP//PW91
A’ alf
A" alp
[Ni(oxaP)(SMe)(AcNH,)]* - A: 77176 d,)*(d,)*(d,.)*(d._,2)", MeS~ 0.00 0.00 0.00
A': 46/46
2N A" T77 (d)*(d,)*(d,.)*(de_ )%, p,-MeS' 0.72 0.59 1.11
A”: 46/45
[Ni(pyriP)(SMe)(AcNH,)]* N A" 79778 (d,)%(d,)*(d,)*(d, )", MeS™ 0.00 0.00 0.00
A”: 47/47
-\ A1 7979 (dy)*(d,)*(d,.)*(de )%, p,-MeS' 0.72 0.47 1.13
A": 47/46
[Ni(isoP)(SMe)(AcNH,)]* ZA” A’: 81/81 (d,)*(d,)*(d,.)*(d._,2)", MeS™ 0.00 0.00 0.00
A": 50/49
A A’ 82/81 (dy)*(d,)*(d,.)*(d2)", MeS™ 0.15 —0.05 0.44
A": 49/49
-\ A’ 82/82 (dy)(d)*(d,.)%(d2), py-MeS' 0.60 0.24 0.76
A 49/48
electron Slater-type triple-¢ plus polarization basis sets, and a fine mesh . .
for numerical integration of matrix elements, as implemented in the Results and Discussion
ADF-2007 program system."”! A C, symmetry constraint was exploited
for three model complexes, [Ni(L)(SMe)(AcNH,)]*, in which L=0OxaP, The oxaporphyrin-based model, [Ni(OxaP)(SMe)-

PyP, and IsoP and AcNH,=acetamide, allowing the optimization of mul-
tiple electronic states. In addition, a “high-fidelity”, asymmetric MCR
model [Ni(F',;)(SMe)(AcNH,)]*, with a simplified F,;, ligand, was also
studied.

Although newer pure functionals such as OLYP™ and hybrid functionals
such as B3LYP®!! have been shown to

perform better than classic pure func- a)

tionals such as PW91 in a number of
applications, the former should not be
viewed as perfect. A key flaw of
OLYP, B3LYP, etc. is that although
they describe stronger metal-ligand
bonds quite well, they often greatly
exaggerate the lengths of weak metal—
ligand bonds frans to the aforemen-
tioned strong bonds.”>? We were thus
concerned that the weak-field AcNH,
ligand might fall off if we used OLYP,
B3LYP, and some of the other func-
tionals that we and others have tended
to favor recently. Indeed, this turned
out to be a serious problem for high-
spin Ni'' analogues of the compounds
studied here (details not shown), even
though a crystal structure of the corre-
sponding biological analogue MCR,;.
sient indicates an O-bound glutamine
ligand.?!

b)

In light of the above considerations,
the discussion below refers almost ex- —
clusively to the PW91 optimizations.
Having said that, we did carry out a
limited analysis of the performance of
other functionals (OLYP and B3LYP)
by means of single-point calculations
on the PW91 optimized geometries.
Details of the various spin states stud-
ied and the energetics obtained with
different functionals are shown in
Table 1.
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(AcNH,)]": The model complexes in this study were chosen
with a view to possible future synthetic modeling. From this
point of view, oxaporphyrin,®! being one of the more readi-

Figure 2. Selected results on the lowest A’ and 2A” states of [Ni(OxaP)(SMe)(AcNH,)]*. Bond lengths (A)
and Mulliken spin populations are shown in blue and magenta, respectively. Color code for atoms: C (black),
N (cyan), H (ivory), O (red), Ni (pink), and S (yellow). Majority and minority spin densities are shown in ul-
tramarine and magenta, respectively.
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ly accessible monoprotic porphyrin analogues, is an attrac-
tive ligand. On the flip side, the oxygen of the oxaporphyrin
is a rather weak ligand, somewhat at odds with the N, core
of F,. Regardless, our ground-state results on [Ni(OxaP)-
(SMe)(AcNH,)]*, summarized in Figure 2, proved illumi-
nating.

Although for brevity and convenience Table 1 describes
the electronic configuration as (d,,)*(d,.)’(d,.)*(d,> ,2)', the
same as that expected for MCR,,;, an examination of the
spin-density plot and the SOMO indicates that the quantiza-
tion of the d-orbital angular momenta is not quite the same
as in a fourfold-symmetric metalloporphyrin. The SOMO is

b)

- 0.585

best described as an approximately 1:1 (19:18, to be precise)
d,._o/d,> hybrid, in effect somewhat of a d,. orbital, in which
the x direction has been identified with the O-Ni-N axis
lying on the molecular symmetry plane.

The above detailed comments notwithstanding, the over-
all ground-state spin-density profile does agree with that
qualitatively expected for MCR,,;. As shown in Figure 2,
81% of the majority spin density is localized on the Ni,
14% on the nitrogen trans to the oxaporphyrin oxygen, and
the remainder is roughly evenly distributed among the other
oxaporphyrin nitrogens and the two oxygens. A small minor-
ity spin density of —0.024 resides on the thiolate sulfur.

Figure 3. Selected results on the lowest a) A’ and b) A" states [Ni(PyP)(SMe)(AcNH,)]*. For explanation of text and color code, see Figure 2. Part a)

also depicts the SOMO.
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Moving a p-spin electron from A” to fill the B-spin A’
hole led to convergence to a A" thiyl m-radical state, about
0.7 eV (PW91) above the ground state. Some details of this
state are shown in part (b) of Figure 2, as well as in Table 1.
An examination of the MOs indicates that the nickel center
in this state is low-spin Ni", with a (d,;)*(d,.)*(d,.)*(d._,2)*
configuration, which should be distinguished from the (d,,)*
(d,.)*(d,.)*(d.2)* configuration of “normal” low-spin Ni" por-
phyrins. Of considerable interest in this connection is the
energy of the (d,,)’(d,.)*(d,.)*(d»)" state. Unfortunately, reg-
ular DFT calculations do not allow us to address this ques-
tion because both the d.. and d,._,. orbitals transform as a’
for this oxaporphyrin-based model complex.

a) 1°A”

b) 1 %A

FULL PAPER

The pyriporphyrin-based model, [Ni(PyP)(SMe)(AcNH,)]*:
The pyriporphyrin®! ligand, a newly reported porphyrin an-
alogue in which a pyrrole unit is replaced by pyridine, pro-
vides another excellent symmetric model for the mono-
anionic F,; ligand. Highlights of our results on [Ni(PyP)-
(SMe)(AcNH,)]*, shown in Table 1 and Figure 3, are rather
similar to those described above for the oxaporphyrin com-
plex. The Ni spin population in the ground state is slightly
smaller than in the oxaporphyrin case, and the equatorial
spin populations, on average, are correspondingly slightly
higher. That said, the overall spin-density profile once again
reflects the shape of a SOMO that is best described as inter-
mediate between d,._,. and d,..

Figure 4. Selected results on three of the lowest states [Ni(IsoP)(SMe)(AcNH,)]*. For explanation of text and color code, see Figure 2.
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The shape of the SOMO merits some comment. Although
a pure d,._, orbital is orthogonal to a thiolate ¢ lone pair,
the orthogonality is lifted as d,. character mixes in. (Stated
differently, an Ni d,. orbital is not orthogonal to an S p, or-
bital.) Thus, observe (from Figure 3) that the majority-spin
HOMO of [Ni(PyP)(SMe)(AcNH,)]* has a small amplitude
on the sulfur atom. Although in this particular case, the
sulfur harbors an overall small minority spin population, the
exact shape of the SOMO (20.3% d,._p, 17.4% d,.) provides
an attractive explanation of how a so-called (dxz,yz)1 elec-
tronic configuration may go hand in hand with a small ma-
jority-spin population on the sulfur.

Somewhat coincidentally, the *A” thiyl m-radical state is
once again 0.7 eV (PW91) higher in energy than the ground
state. In this case, however, the radical is not as localized on
the sulfur as it is in the oxaporphyrin case. The SOMO in
this case is best viewed as an a” Ni(d,,)-S(p,) &* MO with
roughly 1:2 Ni/S contributions. The significant Ni spin popu-
lation of 0.334 (see part b, Figure 3) implies that the descrip-
tion of the Ni center as low-spin Ni" with a (d,,)*(d,.)*(d,.)*
(dyo_,2)* configuration, though valid as a limiting-case de-
scription, is less accurate. An Ni™ limiting-case descrip-
tion—(d,,)*(d,.)*(d,,)"(d,>_,-)>—is also valid to some extent.

The isoporphyrin-based model, [Ni(IsoP)(SMe)(AcNH,)]*:
Isoporphyrin, a porphyrin tautomer with interrupted conju-
gation first postulated by Woodward,? has been known
since the 1970s. Our interest in isoporphyrin in relation to
this project stems from its symmetry properties. Though
nominally of the same point group as our oxaporphyrin- and
pyriporphyrin-based models, the mirror plane in the isopor-
phyrin complex does not pass through the equatorial nitro-
gens. Accordingly, unlike for the other model complexes,
the d._ > and d,. orbitals of [Ni(IsoP)(SMe)(AcNH,)]* are
not of the same symmetry, but rather transform as a”and a’,
respectively. This raised the prospect that we should be able
to separately optimize for the first time both the t,°d,. '
and t,°d." states of an MCR,,; model, which indeed turned

out to be possible. Thus, three relatively low-energy elec-
tronic states (as well as other high-energy states that we will
not discuss) could be independently converged for [Ni-
(IsoP)(SMe)(AcNH,)]*, as shown in Table 1. Highlights of
the results are shown in Figure 4.

The *A” ground state exhibits a clear (d,,)*(d,.)*(d,.)*
(de_,)" configuration. Unlike in the other cases, the SOMO
d contribution is relatively pure d,._ .. This is not unexpected
because all four isoporphyrin nitrogens share a similar elec-
tronic character. However, the Ni spin population, 80% of
the total (as shown in part (a), Figure 4), is essentially the
same as in the other cases. The remainder of the majority
spin is distributed evenly among the four nitrogens. As in
the other cases, a small amount of minority spin (—0.097) re-
sides on the sulfur.

A A’ (d,)(d,.)*(d,.)*(d:)" state turned out to be just
0.15eV (PW91) higher in energy relative to the ground
state. The Ni spin population of 64% of the total is some-
what lower than that in the ground state. Most interestingly,
the sulfur in this state exhibits a small but not insignificant
majority spin population of 0.051 (see part (b), Figure 4).
Given the very low energy of this state, we can easily envi-
sion scenarios with less symmetric equatorial ligands in
which the d-orbital angular momenta are quantized in such
a way as to engender a small majority spin population of
5% or so on the thiolate sulfur of the ground electronic
state. As mentioned above, such a spin population has been
observed for MCR,;.

A second A" state proved to be a thiyl mt-radical state of
the same type as described above for the other complexes.
The energy of this state turned out to be 0.6 eV (PW91) rel-
ative to the ground state, very much in line with what we
found with the other complexes.

Comparative studies of different functionals: To what extent
can we trust the above PW91 results? Generally there ap-
pears to be little cause for skepticism with respect to the
qualitative validity of the results. The PW91 exchange-corre-

Figure 5. B3LYP spin populations and spin-density plots for the lowest-energy states of [Ni(PyP)(SMe)(AcNH,)]*. For explanation of text and color

code, see Figure 2.
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lation functional has been widely tested on a variety of tran-
sition-metal complexes, notably metalloporphyrins and iron—
sulfur clusters. However, like other older pure functionals
the PWO1 functional sometimes exhibits an undue prefer-
ence for low-spin states of transition-metal compounds,
whereas B3LYP tends to err in the opposite direction.”? In
this study, however, all pertinent electronic states are dou-
blets. The question of how well DFT (i.e., any of the com-
monly used functionals) performs with respect to spin-state
energetics is, therefore, not expected to be a particularly
troublesome one, as far as this study is concerned.

Consistent with these arguments, the relative energies of
the different spin states studied are in qualitative agreement
for the three functionals considered, PW91, OLYP, and
B3LYP. B3LYP predicts a somewhat higher energy for the
low-spin Ni" thiyl radical state than for the other two func-
tionals. Similarly, whereas PW91 and OLYP predict nearly
equienergetic d. ' and d.' states for [Ni(IsoP)(SMe)-
(AcNH,)]*, B3LYP predicts that the latter state is about
half an eV higher in energy than the former.

Figure 5 depicts the B3LYP ground-state spin density for
[Ni(PyP)(SMe)(AcNH,)]*, chosen as a representative exam-
ple. Note that the Ni carries significantly more majority spin
density (1.257 versus 0.782 with PW91) and, equally, that
the sulfur carries a significantly
greater amount of minority spin
density (—0.400 versus —0.040
with PW91). Careful examina-
tion of the blob of spin density
on the Ni (shown in ultramar-
ine in Figure 5) shows that it
has six distinct bulges, as ex-
pected from a superposition of
the d._,. and d,. orbitals. In
other words, B3LYP indicates
more of a high-spin Ni thiyl
radical-like description for this
species, whereas PWO91 favors a
more covalent Ni'" thiolate-like
description.”” It is important to
recognize that the two descrip-
tions are equivalent from an or-
bital symmetry viewpoint (i.e.,
with respect to electron occupa-
tions per irreproducible repre-
sentation), but differ only with
respect to the degree of metal—
ligand covalency.

A “high-fidelity” MCR,,
model: The insights obtained
above proved invaluable when
analyzing the results for a more
realistic model of MCR,,;, [Ni-
(F'430)(SMe)(AcNH,)] . The
F'45 ligand is the same as that
used in our previous modeling
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© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

studies of MCR, including one on the then-putative Ni""Me
species.!® Selected PW91 results for this complex are
shown in Figure 6.

As in our earlier model studies of F,;,['""! the Ni-N dis-
tances in the high-fidelity model show a considerable
spread, from 1.967 to 2.221 A, reflecting the electronic
asymmetry of the Fy, (or F;) ligand. At first glance, the
spin-density profile of [Ni(F',;)(SMe)(AcNH,)]* is quite
similar to those of the ground-state model complexes men-
tioned above. Closer examination of Figure 6, however, re-
veals a number of interesting twists:

1) The Ni spin population (about 0.7) is somewhat lower
than that in the oxaporphyrin- and pyriporphyrin-based
models.

2) As in the oxaporphyrin- and pyriporphyrin-based model,
the spin-density profile reflects a nearly 1:1 d._./d.
hybrid SOMO. Such a SOMO permits a distinct Ni(d,._,»/
d..)-S(p.) antibonding interaction involving a sulfur o
lone pair.

3) Consonant with this orbital interaction, the PW91 spin-
density profile of [Ni(F',)(SMe)(AcNH,)]*t exhibits a
small but distinct majority spin population of 0.042 on
the sulfur.”!

Figure 6. Selected PWO91 results on the [Ni(F';)(SMe)(AcNH,)]*. Top: distances and spin populations;
bottom left: SOMO; bottom right: spin-density plot. For explanation of text and color code, see Figure 2.
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It is tempting to interpret the PW91 sulfur spin popula-
tion 0.042 as a striking (if qualitative) affirmation of
Schweiger and co-workers’ conclusions based on their pulse
EPR study: “The SOMO is essentially a nickel d,._,. orbital
with contributions from the four hydropyrrolic nitrogens
and the thiolate sulfur of CoM. The thiolate sulfur has 7+
3% of the spin density.”"! However, a caveat needs to be
added.

A single-point B3LYP calculation on the optimized PW91
geometry of [Ni(F',0)(SMe)(AcNH,)]" reveals a substan-
tially different spin-density profile. With B3LYP, the Ni spin
population is 1.311, whereas the sulfur harbors a substantial
amount (—0.402) of minority spin. In other words, the situa-
tion is entirely analogous to that depicted for [Ni(PyP)-
(SMe)(AcNH,)]* in Figure 5. In this case, however,
Schweiger and co-workers’ pulse EPR study permits us to
arrive at a conclusion with regard to the relative merits of
the B3LYP and PW91 spin densities. The experimental re-
sults clearly rule out a large spin population on the sulfur,
such as that predicted by B3LYP. Thus, under the circum-
stances, it is tempting to view the PWO91 spin density as rep-
resentative of reality.

Conclusion

When it comes to delineating complicated enzymatic reac-
tion mechanisms, computer simulations may readily go
astray in the absence of adequate guidance from experi-
ment. However, for a given enzymatic intermediate, DFT
calculations are generally eminently suitable for judging
whether a proposed electronic-structural description makes
chemical sense or not. As far as MCR_,, is concerned, the
present calculations indicate that a Ni'-thiolate, or equiva-
lently a high-spin Ni" thiyl radical, description is a reasona-
ble one. Essentially the same ground-state description was
obtained for three symmetrized models as well as for a
more realistic structure.

Although the spin density of the various model complexes
is broadly interpretable as arising from an unpaired electron
in a nickel d,._,. orbital, careful examination of the SOMO
indicates that this orbital may also have a substantial
amount of d character. (In other words, the spin density in
the equatorial plane is not quite fourfold symmetric.) The
d.. contribution to the SOMO permits an Ni(d,. ,./d..)-S(p,)
antibonding interaction involving a thiolate o lone pair,
which would otherwise be symmetry-forbidden. With pure
functionals such as PW91, this orbital interaction manifests
itself in a small but distinct majority spin population of
0.042 on the sulfur in our most realistic MCR,,; model,
which is in reasonable agreement with that (about 7%) de-
rived from a pulse EPR study.”
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