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Which functional groups of the molybdopterin ligand should
be considered when modeling the active sites of the molybdenum
and tungsten cofactors? A density functional theory study

UIf Ryde - Carola Schulzke - Kerstin Starke

Received: 20 October 2008/ Accepted: 1 May 2009 / Published online: 29 May 2009

© SBIC 2009

Abstract A density functional theory study of the influ-
ence of the various functional groups of the molybdopterin
ligand on electronic and geometric properties of active-site
models for the molybdenum and tungsten cofactors has
been undertaken. We used analogous molybdenum and
tungsten complexes with increasingly accurate representa-
tion of the molybdopterin ligands and compared bond
lengths, angles, charge distribution, composition of the
binding orbitals, as well as the redox potentials in relation
to each other. On the basis of our findings, we suggest
using ligand systems including the pyrane and the pyrazine
rings, besides the dithiolene function, to obtain sufficiently
reliable computational, but also synthetic, models for the
molybdenum and tungsten cofactors, whereas the second
ring of the pterin might be neglected for efficiency reasons.
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Introduction

Enzymes depending on molybdenum and tungsten cofac-
tors are ubiquitous and indispensable [1, 2]. They usually
catalyze oxygen-transfer reactions from the substrate to
water, or vice versa, in the form of two-electron redox
reactions: R + H,O — RO + 2H' + 2¢™. These reactions
are part of the carbon, nitrogen, and sulfur metabolism.
One common feature of these proteins is the unusual
molybdopterin ligand (also referred to as pyranopterin-
dithiolate [1], pterindithiolene [3], or pterin-ene-dithiolate
[4]), one or two of which are bound to the metal at the
active site (Fig. 1), depending on the enzyme family [5,
6]. This ligand is coordinated to the metal by a dithiolene
function. The molybdopterin ligand is usually modeled in
bioinorganic studies of the molybdenum and tungsten
cofactors by using any dithiolene ligand with two sub-
stituents on the ene function. Dithiolenes are non-inno-
cent ligands that actively take part in redox reactions at
the metal, sometimes even changing the oxidation state
of the metal, which has been shown in great detail for
a number of ligands (not only dithiolenes) by the
Wieghardt group [7-17]. For example, the redox poten-
tial of [MoO(S,C»(CN),),]"*~ is 1 V higher than that of
[MoO(S,CoMe,),] >~ [18, 19]. Such a participation in
redox processes is accompanied by structural changes of
the dithiolene ligand. For instance, the C=C bond length
is increased if the metal is oxidized, because electron
density is pushed towards the metal, while the C-S bond
is shortened. Consequently, the way the molybdopterin
ligand is modeled can be expected to have a strong
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1or2
molybdopterin ligand

M =Mo, W
(aa) = amino acid residue (only in some families)
R = nukleotide (only in some bacteria) or absent

Fig. 1 The general structure of the active sites of the molybdenum
and tungsten enzymes. Additional ligands not shown here may be
oxo, sulfido, hydroxide, and water

impact on the result of both experimental and theoretical
studies, for the reactivity as well as for the structure.

In theoretical studies, the ligand is typically modeled
with rather simple systems: ethenedithiol (edt; S,C,H,2 )
[20], maleonitrile [mnt; SZCZ(CN)zzf] [21-23], 1,2-dim-
ethyldithiolene (S,C,Me,> ") [21, 24-26] or benzenedithiol
(bdt; SzC(,H42_) [22, 24-27]. Functional groups of
molybdopterin, besides the dithiolene function that binds to
the metal, were ignored, probably to reduce the computa-
tional load. Notable exceptions to this are the study of
McNamara et al. [28] in which a simplified form of
molybdopterin without the pyrane ring was used, and the
study of Joshi and Enemark [29] about the folding angle
and electronic effects, in which the full molybdopterin
ligand (without the phosphate group) was used.

In this paper, we present a systematic theoretical study
[density functional theory (DFT) calculations] of various
and increasingly accurate models of the molybdopterin
ligand. The earliest group of synthetic models for the
molybdenum- and tungsten-dependent oxidoreductases that
is still used today is based on a metal (Mo or W) coordi-
nated by two dithiolene ligands and one oxo ligand in
oxidation states +4 and +5 or with two oxo ligands in
oxidation state 4-6, respectively [30-52]. For this type of
model, quite a substantial amount of experimental data is
available. Therefore, we focus on this group of compounds,
although more accurate models of the proteins are now
known [53-58]. Thus, we studied models of the form
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[MO(dithiolene),]"~ (M is Mo, W; n =0, 1, 2). In oxi-
dation state 4-6 of the metal, a second oxo ligand is usually
present in the synthetic models [42-46, 49-52]. To sim-
plify the calculations and the comparisons, we abstained
from including this second oxo ligand and kept the same
coordination number and ligand set throughout all three
oxidation states. The aim of our study is to ascertain which
parts of molybdopterin need to be included in the calcu-
lations to obtain very accurate structures, energies, reac-
tivities, and reduction potentials of the models.

Methods

All calculations were performed with the Gaussian 03
(revision C.02) software package [59]. All structures were
fully optimized without any restrictions and the minima
were verified by analytical frequency calculations.

Geometry optimizations, population analysis of molec-
ular orbitals, and partial-charge distribution (with the nat-
ural population analysis and natural bond analysis methods
[60-64]) were carried out at the DFT level using the
B3LYP method (Becke’s three-parameter-hybrid func-
tional [65], combined with the correlation functional of Lee
et al. [66]; unrestricted formalism for the open-shell sys-
tems). The geometry parameters (Table S1) and the coor-
dinates of the fully optimized structures can be found in
Table S4.

The LANL2DZ [67] basis set, including the Los Alamos
relativistic effective core potentials of Hay and Wadt [68], was
used for molybdenum and tungsten, and the 6-311G(d,p)
basis, including polarization functions [69, 70] for a better
description of the sulfur and oxygen atoms, was used for the
remaining atoms.

Solvation energies were estimated by single-point
energy calculations using the integral equation formalism
polarized continuum model in Gaussian 03 [71]. The cal-
culations used water as the solvent (¢ = 78.39 and probe
radius 1.385 IOA) and the default UAO radii. Reduction
potentials were calculated from these energies using a
solvation energy for the electron of 4.28 eV [72].

The stereochemistry of the mpt (CoH,N¢0,S,°7) and
prz (C7HgN,0S,>7) ligands (Fig. 2) was the same as that
found in the enzymes. In particular, we used the structures
of dimethyl sulfoxide reductase [73] and aldehyde oxido-
reductase [74]. The quality and accuracy of the DFT cal-
culations were estimated by comparison with experimental
structural data. Quite a number of X-ray structures of
enzyme model complexes of the general composition
[MO(dithiolene),]"~ with n = 1 or 2 and M is Mo or W
have been published [28—46] and are therefore available for
evaluation of the quality of our computations, all showing
the same general geometry as our computed compounds. In
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Fig. 2 The ligand systems investigated and the resulting complexes with the numbering scheme of the compounds and the relevant atoms

particular, X-ray structures of compounds with the edt
ligand ([MoO(edt),]"?7) [47] and the pyranedithiolene
(pdt) ligand ([MoO(pdt)z]z_) [48] are known, i.e., the exact
models that are used in this study. The latter allows a
comparison of the largest quantity of structural parameters.
The computed structure of this compound in oxidation state
+4 is almost identical to the experimental data obtained by
crystallography. The only large difference is that the cal-
culated Mo-S bond lengths are approximately 0.1 A too
long (2.47 vs. 2.37 A). This has frequently been observed
before in theoretical studies [75]. With respect to the
overall geometry, no differences were found.

Results
Complexes investigated

The complexes investigated consist of a metal (either
molybdenum or tungsten) with two identical equatorial
dithiolene ligands and one apical oxo ligand in a (distorted)
square-pyramidal coordination geometry. The emphasis of
this study lies on the dithiolene ligands. Four different
ligands as increasingly accurate models for the natural
molybdopterin ligand, as shown in Fig. 2, were investi-
gated. For each of the four ligands, we studied the metal in
each of its three biologically relevant oxidation states, +4,
+5, and +6. We therefore introduce the systematic num-
bering depicted in Fig. 2.

When the metal is in oxidation state 46, synthetic
models usually have a second oxo ligand [42-46, 49-52].
However, to simplify the calculations and to evaluate the
interaction of the dithiolene with the metal center, we have
abstained from including this second oxo ligand and kept
the same coordination number and ligand set throughout all
three oxidation states. Thereby, we may understand even

subtle influences of the different functional groups of
molybdopterin on electronic and geometric properties of
the central metals.

Structural analysis

One interesting structural feature is the folding angle,
which was introduced into the discussion about dithiolene
ligands by Lauher and Hoffmann [76]. It defines the angle
between the M—S-S plane and the S—-C=C-S plane, as
shown in Fig. 3. Upon oxidation, one of the dithiolene
ligands bends towards the metal and the apical oxygen,
while the other bends slightly away from them. This is
illustrated in Fig. 4 for the molybdenum compounds with
the pdt ligand. This behavior is a consequence of the
changing m-electron-density distribution in response to the
change of oxidation state of the metal. To be more precise,
the “dithiolate folding effect” [77] depends on the occu-
pation of the d orbitals of the metal. In high oxidation states
(+5/d" and 4+6/d°), the need for a flow of electron density
towards the metal to stabilize these high oxidation states is
greater. A folding of the dithiolene ligand towards the
metal causes a much better © overlap of the metal d orbi-
tals with the sulfur p orbitals and therefore provides a
better electron-transfer pathway, resulting in a stabilization
of the compound. In Fig. 5, the folding angle values are
depicted for all compounds.

The folding angles of the tungsten compounds are larger
than those of the molybdenum compounds. Tungsten
therefore is able to achieve a better m overlap with the
coordinated sulfur atoms than molybdenum. The differ-
ences in the folding angles between the four ligand systems
are more pronounced for the molybdenum complexes than
for the tungsten complexes. Interestingly, the largest dif-
ferences were found for the ligand that bends away from
the metal.
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Fig. 3 Definition of the folding angle
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Fig. 4 Bending of both ligands upon oxidation of the molybdenum
pdt compounds 2a

In the +4 oxidation state, the folding angle is larger for
the compounds with the smaller and less accurate molyb-
dopterin models edt (1) and pdt (2), while the compounds
with the prz ligand (3) are in good agreement with the
complexes of the most complete molybdopterin model
(mpt, 4). In the +5 oxidation state, the folding angles are
larger for the smaller models than for the mpt complexes
(4), while in oxidation state 46, the folding angle of the prz
(3) compounds is smaller and that of the edt (1) and pdt (2)
compounds is again larger.

Naturally, besides the folding angle, the bond lengths
of the most prominent connections are of interest. In all
cases, a decrease of the M-S bond lengths and an
increase of the C=C bond lengths are observed (Fig. 6)
in response to the oxidation of the compounds from
oxidation state +4 to oxidation state +6. This is in
accordance with the findings of a recent study by Lim
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et al. [78] of planar nickel bisdithiolene. The higher
charge of the metal and its decreased size upon oxidation
are responsible for the decreased M-S bond lengths.
Moreover, the lack of electrons close to the metal center
after removal of two electrons when going from oxida-
tion state +4 to oxidation state 46 causes the C=C bond
to support the complex by donating m-electron density
towards the center. This results in an increase of the C=C
bond length.

It is notable that the M-S bond lengths are shorter for
tungsten than for molybdenum, owing to the higher charge
of the nucleus, relativistic effects, and stronger contrac-
tions. The decrease of the M-S bond lengths (approxi-
mately 0.044 A for W and 0.052 A for Mo) and the
increase of the C=C bond lengths (approximately 0.022 A
for W and 0.026 A for Mo) are also less pronounced for
tungsten than for molybdenum. This is caused by the fact
that the W-S bonds are already comparatively short in
oxidation state +4 and that the stronger ligand folding,
resulting in a stronger m—overlap between tungsten and
sulfur, provides more electron density directly from the
sulfur atoms and therefore less electron density is needed
from the C=C bond.

The four Mo-S bonds of each compound are not iden-
tical, as is shown in detail in Table 1. In all cases, the
decrease of the M-S bond lengths is stronger for the ligand
that bends towards the metal center than for the ligand that
bends away. This is caused by the fact that the ligand
bending towards the metal shares more n-electron density
with the metal owing to the better m overlap of the metal
d orbitals with the sulfur p orbitals.

The four M-S bonds are most similar for complexes in
oxidation state +4. The variation is smallest for the
smallest ligand (edt; 1) and largest for the pdt ligand (2). In
this oxidation state, the differences occur between the
sulfur atoms of the same dithiolene ligand, while the M-S
bond lengths for the sulfur atoms in frans position to each
other are equal (edt 1, prz 3, mpt 4) or almost equal (pdt 2)
(a trans trend).

In the +5 and +6 oxidation states, however, the M-S
bond lengths of the sulfur atoms of the same dithiolene
ligand are more or less identical (a cis trend), while there is
a difference for the sulfur atoms in frans position to each
other. This cis trend is caused by the ligand folding. The
ligand that bends away from the metal and the ligand that
bends towards the metal are different with respect to the
possible overlap between metal d orbitals and sulfur
p orbitals. The much better overlap between the metal and
the ligand that bends towards the metal results in much
shorter M-S distances for this ligand. The difference
between the two ligands of each compound with respect to
the M-S bonds is most evident in oxidation state 4-6: The
differences are approximately 0.01 A for the +5 oxidation
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Table 1 M-S bond lengths (A) for all compounds

1a"V 1aY 1aV"! 1" 1bY 1b"!
M-S(2) 2482 2454 2435 2460 2445 2423
M-S(3) 2482 2454 2435 2460 2445 2423
M-S(4) 2482 2440 2409 2460 2436 2397
M-S(5) 2482 2439 2409 2460 2436  2.397
2aV 2a" 2av! 2b"Y 2bY 2pV!
M-S(2) 2474 2449 2403 2453 2440 2392
M-S(3) 2469 2447 2402 2448 2438  2.393
M-S(4) 2473 2435 2430 2452 2432 2418
M-S(5) 2471 2432 2427 2451 2430 2416
3a'v 3aV 3a"! 3p"Y 3bY 3pV!
M-S(2) 2473 2450 2440 2452 2441 2424
M-S(3) 2469 2444 2432 2449 2437 2414
M-S(4) 2473 2435 2413 2452 2432 2397
M-S(5) 2469 2434 2410 2449 2432 2401
4a"v 4a" 4a™! 4p" 4V 4pV!
M-S(2) 2471 2450 2438 2451 2441 2421
M-S(3) 2468 2444 2431 2447 2436 2415
M-S(4) 2471 2436 2414 2451 2433 2399
M-S(5) 2468 2435 2417 2447 2431 2399

state and approximately 0.03 A for the +6 oxidation state.
The differences are most pronounced for the smallest
ligand (edt). For molybdenum, the average M-S bond
lengths vary between 2.41 and 2.48 A, whereas they show
a slightly smaller range of 2.41 and 2.46 A for tungsten
(Fig. 6).

The smallest models (with edt) show the most pro-
nounced differences from the mpt (4) compounds with
respect to the M-S and C=C bond lengths (Fig. 6). The M—
S bonds are longer and the C=C bonds are shorter owing to
the fact that there is no possibility of a distribution of n-
electron density to additional atoms of the ligand. The pdt
compounds (2) mimic the behavior of the mpt compounds
(4) quite well in oxidation states +4 and +5. However, in
oxidation state 46, the difference from the mpt complexes
is almost as large as that of the edt compounds (1).
Accordingly, the most pronounced geometric difference
between the different ligand systems is found in oxidation
state +6 of the tungsten series.

The dependence of the M-S bond lengths on a change in
the oxidation state of the metal for the mpt (4) compounds
is best reproduced by the prz (3) compounds. The same
applies for the C=C bond, for which the prz compounds
reproduce not only the trends, but also the absolute values
of the mpt ligand.
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Electronic structure and bond analysis

In this section, we study various aspects of the electronic
structure, e.g., the charges obtained by natural population
analysis, the binding orbitals (natural bond analysis), and
the redox-active orbitals (the highest occupied molecular
orbitals, HOMOs, and the lowest unoccupied molecular
orbitals, LUMOs). The natural population analysis charges
for the metal, the apical oxo ligand, the two sulfur atoms of
each of the two dithiolene ligands, and the doubly bonded
carbon atoms of the two ligands are shown for the
molybdenum compounds in Fig. 7. The quite similar
graphs for the analogous tungsten compounds can be found
in Fig. S1. The charge on the tungsten atom is approxi-
mately 0.02e higher than that on the molybdenum atom in
all complexes. Again this is the result of the higher charge
of its nucleus.

When the compounds are oxidized from oxidation state
+4 to oxidation state +5, the charge on the metal increases
as expected. But the oxidation to +6 causes the charge to
decrease slightly, as a consequence of a quite effective
electron density distribution from the ligands towards the
metal. This behavior was found throughout all the com-
plexes investigated. For example, the molybdenum charge
is 0.55 for 1a', 0.67 for 1a", and 0.57 for 1a"" with the edt
ligand. In all complexes investigated, formally about 3.5,
4.5, and 5.5 electrons are transferred from the ligands onto
the metal in oxidation states +4, +5, and +6, respectively.

The negative charges on the directly coordinated ligand
atoms decrease regularly during the two oxidations. In fact,
the charge on the four sulfur atoms even becomes positive
in oxidation state 4+6. The total charge transfer from the
four sulfur atoms onto the metal is therefore large. For the
MoO(edt), complexes, the charge on the apical oxo ligand
is —0.60 for 1a"', —0.54 for 1a", and —0.46 for 1a"", and
for the sulfur atoms of the ligand that bends away from the
metal, the values are —0.24 for laIV, —0.10 for laV, and
+0.11 for 1a¥". The charges on the sulfur atoms in trans
position to each other, belonging to different ligands, are of
course not equal upon oxidation. The ligand that achieves a
better m overlap with the metal by bending towards it in
oxidation states 4+5 and +6 donates more electron density
onto the metal than the other ligand. Therefore, the
increase in charge is larger for the sulfur atoms of this
ligand than for the sulfur atoms of the opposite ligand. This
corresponds to the M—S bond lengths with the trans trend
in oxidation state +4 and the cis trend in oxidation states
+5 and +6.

The results with the edt ligand are quite different from
those for the other three ligand systems, especially for the
carbon atoms. On the other hand, all data of the pdt (2), prz
(3), and mpt (4) ligands are very similar, not only with
respect to the trends, but also with respect to the absolute
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values. This is because the charge can be distributed
throughout a much larger molecule for the latter three
ligands, whereas in edt it has to stay at the carbon atoms of
the double bond.

For the other three ligands, the charge on the oxygen
atom in the pyrane ring is more or less identical (not shown
in Fig. 7). The same is true for the nitrogen atoms of the
pyrazine ring for prz (3) and mpt (4). Since the values of
the relevant atoms for the three ligand systems with the
pyrane ring are more or less equal, the influence of the
pterin functional group on the natural population analysis
charges is rather insignificant. In conclusion, the small edt
ligand system is clearly not a proper model of the molyb-
dopterin ligand.

To analyze the bond situation at the metal in more
detail, a natural bond analysis of the natural localized
molecular orbitals [79] was carried out. In Table 2, the
most important parameters (the M-S bonds) are collected.
A larger data overview can be found in Table S2. It should

be noted that the electronic structure is strongly delocal-
ized, so approximately 2% of the electrons cannot be
assigned to a certain Lewis structure. Therefore, the
assignment is somewhat ambiguous, especially for the
sulfur atoms, for which the default analysis indicates that a
lone pair can be converted to a 7 bond for one or two of the
sulfur ligands in the oxidized +6 state. However, a nearly
equally good assignment with two lone pairs on all sulfur
atoms can always be obtained and this is shown in Table 2
to simplify the comparison.

The Lewis structures based on this analysis for all
compounds investigated show a metal-oxygen triple bond.
The metal-oxygen triple bond is not uncommon for com-
plexes of this kind [80]. It consists of the usual ¢ and =«
bonds for a metal-oxygen double bond, plus another
7 bond provided by the oxygen through one of its “free”
electron pairs.

The four sulfur atoms of the two dithiolene ligands are
bound by ¢ bonds. The contribution of the metal to these
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Table 2 Selected natural bond analysis parameters for 1a, 1b, 4a, and 4b (IV-VI)

Bond Bond type Percentage Mo Percentage S Occupancy Bond Bond type Percentage W  Percentage S  Occupancy
1a!v 1Y

Mo-S(2) o 20 77 1.81 W-S2) o 20 77 1.83
Mo-S3) ¢ 20 77 1.81 W-S(3) o 20 77 1.83
Mo-S4) o 20 77 1.81 W-S@) o 20 77 1.83
Mo-S(5) ¢ 20 77 1.81 W-SG5) o 20 77 1.83
1a¥ 1Y

Mo-S(2) ¢ 23 74 1.78 W-S2) ¢ 22 75 1.82
Mo-S3) ¢ 23 73 1.78 W-S3) o 22 75 1.82
Mo-S4) o 26 71 1.79 W-S@4) o 25 73 1.81
Mo-S(5) ¢ 26 72 1.80 W-S(5) o 25 73 1.81
laVl leI

Mo-S(2) o 20 80 1.81 W-S2) o 20 80 1.82
Mo-S(3) ¢ 20 80 1.81 W-S3) o 20 80 1.82
Mo-S@4) ¢ 24 76 1.81 W-S@) o 21 79 1.81
Mo-S(5) ¢ 24 76 1.81 W-SG5) ¢ 21 79 1.81
42V 4b'Y

Mo-S(2) o 20 77 1.80 W-S2) o 20 77 1.82
Mo-S3) ¢ 20 77 1.81 W-S(3) o 20 77 1.82
Mo-S4) o 20 77 1.80 W-S@) o 20 77 1.82
Mo-S(5) ¢ 20 77 1.81 W-S(5) o 20 77 1.82
42" 4pY

Mo-S(2) ¢ 23 73 1.78 W-S2) ¢ 22 74 1.80
Mo-S3) ¢ 23 73 1.78 W-S(3) o 22 75 1.80
Mo-S4) o 26 72 1.79 W-S@4) o 24 73 1.80
Mo-S(5) ¢ 26 72 1.79 W-SG5) o 24 73 1.80
4a"" 4p"!

Mo-S(2) ¢ 21 79 1.83 W-S2) o 23 77 1.83
Mo-S(3) ¢ 18 82 1.81 W-S3) o 21 79 1.81
Mo-S@4) ¢ 27 73 1.84 W-S@) ¢ 21 79 1.83
Mo-S(5) ¢ 22 78 1.81 W-SG5) ¢ 19 81 1.81

Percentage Mo, percentage W, and percentage S are the contributions of the atoms to the M-S bond

o bonds is for all complexes in all oxidation states in the
range 15-27%, while the sulfur atoms contribute between
71 and 85%. The values for the metal-oxygen bond are in
the same range (70-80% for oxygen and 20-30% for the
metal). The metal is therefore surrounded by five atoms
bound in a strongly polarized manner. The polarization
decreases slightly in the course of oxidation. For instance,
the contribution of the metal increases for the mpt com-
pound (4a) from 20% in oxidation state +4 to 23-26% in
oxidation state 45 and stays in this range in oxidation state
+6 (18-27%), while the contributions of the sulfur atoms
decrease accordingly (77% for oxidation state +4, but 72—
73% for oxidation state +5 and 73-82% for oxidation state
+6). This behavior was found for all the other complexes
as well, although the numbers are slightly different. In
general, the contribution of tungsten is marginally smaller

@ Springer

(approximately 0.5%) than that of molybdenum and the
contributions of the respective sulfur atoms are therefore
larger by this same amount. Another difference between
the two metals is the degree of metal s-orbital participation,
which is slightly larger for tungsten (and the metal d-orbital
participation is therefore slightly smaller). This is again
related to the larger relativistic effects of tungsten.

In general, the prz ligand (3) gives results that are most
similar to those of the mpt ligand (4), with a mean absolute
difference in the metal and sulfur contributions to the M-S
bonds of only 0.2% and a maximum difference of less than
1%. For the edt (1) and pdt (2) ligands, the differences are
appreciably higher, on average 0.7 and 1.4% units. The
differences are largest for the oxidized (46) complexes. In
particular, for the oxidized pdt model (2a""), the molyb-
denum contribution is only 15-16%, whereas it is 18-27%
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Fig. 8 The highest occupied
orbitals of all complexes in
oxidation state +4

for the corresponding mpt model (4a""). This shows that
the molybdopterin model has a quite strong influence of the
electronic structure of the complex.

The redox behavior of the molecules investigated is to a
large extent determined by the redox-active molecular
orbitals, i.e., the HOMO in oxidation state +4, the singly
occupied molecular orbital (SOMO) in oxidation state +5,
and the LUMO in oxidation state +6. These orbitals would
be involved in the reaction with a potential redox partner.
The shape of the redox-active orbitals is shown in Fig. 8
and their composition in terms of metal and ligand par-
ticipation is described in Table 3. In all cases, it is pre-
dominantly the metal d,. -y orbital that is involved (i.e., the
orbital perpendicular to the oxo ligand and directed
between the four M-S bonds). For the sulfur atoms, it is in
most cases the p, orbital (directed out of the S—-C=C-S
plane) that is involved in the redox-active molecular
orbital; for oxidation state +4 (i.e., for the HOMO), it is
instead the p, orbital (located in the S-C=C-S plane). This
is connected to the amount of metal participation: if the
metal participation is high (more than 60%), the S p,
orbitals are used. Without the bending of the ligand, which
only occurs in oxidation states +5 and +6, and with the
need for the transfer of electron density onto the metal, the
orbital overlap is only sufficient for the in-plane p, orbital.
Further participants in the frontier orbitals are the carbon
atoms of the C=C bond (p, orbitals) and to a low degree
(2%) the apical oxygen (p, orbital).

From Fig. 8 and Table 3, it can be seen that the smaller
models have a larger contribution from the metal and the
edt and pdt ligands still have a larger difference from the

\
1b

A

) o
SOy

2b

3b

4b

Table 3 Orbital contributions (percent) of the metal and the sulfur
atoms for the highest occupied molecular orbital in oxidation state
+4, the singly occupied molecular orbital in oxidation state +5, and
the lowest unoccupied molecular orbital in oxidation state +6

1a" 1a¥ 1a"' 1"V Y 1V

Mo/W (4/5dp_2) 75 31 52 75 36 60
S (3p.) 10(p,) 42 36 10(p,) 41 32

2a'v 2a¥V  2a¥" 2pV 2bY  2pV!

Mo/W (4/5dy_p) 74 2 51 74 39 58
S (3p.) 10(p,) 40 35 10(py 39 3l

3aV 32V 3" 3V 3pY  3pV!

Mo/W (4/5de_2) 73 34 4470 35 52
S (3p,) 11 () 39 33

4a"v 42  4a¥' 4V Y 4V

Mo/W (4/5d,:_2) 63 26 39 61 29 45
S (3p,) 10 (p,) 40 32

mpt ligand (by 19 and 13% units on average), compared
with the prz ligand (8% units difference on average). For
the sulfur contribution, the difference is smaller, but the
trends are the same.

The size of the energetic gap in oxidation state +6
between the LUMO (former HOMO/SOMO) and the new
HOMO (former HOMO-1) depends on the molybdopterin
ligand model as well. For instance, it is 1.90 eV (Mo) and
2.23 eV (W) for the edt compounds (1) and is slightly
smaller for the pdt compounds (2), 1.74 eV (Mo) and
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2.07 eV (W). However, for the other two ligands, prz (3)
and mpt (4), it is significantly smaller and the values are
very similar to each other [0.61 and 0.65 eV (Mo) and 0.60
and 0.73 eV (W) for prz and mpt, respectively]. Again, the
prz ligand (3) is a sufficient model for the mpt ligand (4),
whereas the smaller ligands (1, 2) show considerable
deviations.

The smaller gap between the HOMO and the LUMO for
the complexes with the larger ligands means that they are
easier to reduce than the smaller models. The reduction
would be the relevant catalytic step for those enzymes that
are oxidases and the regeneration step for those that are
reductases. It is therefore an important part of the enzy-
matic catalysis. However, if a sixth CH30™ ligand is added
to the oxidized complexes (cis to the oxy group), this
difference almost disappears: then, the HOMO/LUMO gap
is 1.93-2.05 eV for the molybdenum complexes, and 2.37—
2.44 eV for the tungsten complexes (Table S3). These
findings indicate that the molybdopterin ligand has in this
respect an important influence on the active site of the
arsenite oxidase [81] but, interestingly, does not have as
much influence on the active sites of the majority of the
members of the dimethyl sulfoxide reductase family of
enzymes.

The impact on the metal without an additional ligand is
nicely illustrated in Table 4, which shows the calculated
redox potentials of the transition between oxidation states
+4 and 45, which are those that are experimentally
available and directly relevant for the enzymatic reactions
in nature. The transition between oxidation states +5 and
+6 (Table S4) can usually not be observed since the
complexes and enzymes in oxidation state +6 contain a
second oxo ligand. The M"Y «— MY potentials calculated in
water are negative and in the range from —0.10 to —0.14 V
for the molybdenum compounds and are more negative
for tungsten (—0.33 to —0.38 V). Experimental redox
potentials in acetonitrile have been measured for
[MoO(edt),]*™~ [47] and [MoO(pdt),]*~'~ [48], —0.85
and —0.80 V. This is a reasonable deviation, considering
the difference in solvents (the calculated potentials in
diethyl ether are —1.38 and —1.35 V, respectively; Table
S4). In particular, the sign and size of the difference
between the two ligands is accurately reproduced. For both

Table 4 Redox potentials (E, vs. normal hydrogen electrode in volts,
in aqueous solution) of the relevant oxidation states

Mo"V/MoY wiVwY
[MO(edt),]*~ —0.11 —0.36
[MO(pdt),]*~ —0.10 —0.33
[MO(prz),*~ —0.10 —0.34
[MO(mpt),]*~ —0.14 —0.38

@ Springer

metals, the mpt ligand gives the most negative values,
which differ by approximately 0.04-0.05 V from those for
pdt and prz, and by approximately 0.02-0.03 V from those
for edt. In the case of the redox potentials, the influence of
the four different ligand systems on the complex properties
is not very pronounced (up to 0.05 V), even though there
are examples in the literature where different substituents
on the dithiolene cause differences in redox potential as
large as 1 V [18, 19]. From the calculation of the redox
potentials and the HOMO-LUMO/SOMO gaps, it can be
concluded that the differences in redox behavior that are to
be expected for the four complexes with the same metal are
more kinetic in nature (gap sizes between redox-active
orbitals) than of thermodynamic origin since the redox
potentials were calculated from the energetic differences of
the reduced state and the oxidized state.

Conclusion

In this paper, we have studied how the model used for the
molybdopterin ligand affects the properties of the active
site. Our results show that there are quite extensive dif-
ferences between the properties obtained with different
models, especially with the smaller edt and pdt models. For
the M-S bond lengths, the average difference between the
edt and mpt ligands is 0.012 A, whereas the difference is
only 0.002 and 0.001 A for the pdt and prz ligands,
respectively. For the C=C bond lengths, the average dif-
ferences (compared with mpt) are 0.004, 0.001, and
0.002 A for the edt, pdt, and prz models, respectively.
However, for the folding angles, all three ligand models
give similar average differences of 0.8°, 1.5°, and 1.4°,
respectively. The natural population analysis charges differ
in the order edt > pdt > prz, with 0.034, 0.018, and 0.016
for the metals, 0.020, 0.017, and 0.013 for oxygen, 0.019,
0.012, and 0.006 for the carbon atoms, and 0.022, 0.003,
and 0.002 for the sulfur atoms, showing the greatest dif-
ferences for the edt compounds and the smallest for the prz
compounds. The natural bond orbital analysis shows the
largest differences for the edt and pdt ligands, especially
for the oxidized state, with differences in the composition
of the M-S orbitals of up to 11% units. For the HOMO-
LUMO gap, the edt and pdt ligand models give a larger
difference from the mpt model (0.04 a.u.) compared with
the prz ligand (0.02 a.u.). Finally, for redox potentials, the
differences are rather small and similar for all the three
simplified models, approximately 0.03 V on average.
Another important observation is that the changes of the
bond lengths and folding angles when the oxidation state of
the metal is changed are always smallest for the mpt (4)
compounds. This could be of significance for the catalytic
performance of the active sites of the enzymes for instance
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resulting in a lower reorganization energy. This ligand also
gives smaller differences between molybdenum and tung-
sten, indicating that the normally observed quite large
differences between these two metals may be less signifi-
cant in the enzymes.

In conclusion, we believe that great care is needed in the
selection of the model of the molybdopterin ligand both in
theoretical and in experimental investigations if properties
depending on this non-innocent ligand should be obtained
that accurately represent the native metal site in the proteins
and that the slightly smaller pyrazine dithiolene ligand
would be an excellent model for most characteristics.
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