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Introduction

Vanadium-containing haloperoxidases (VHPOs) are effi-
cient at catalyzing the oxidation of a number of halides, ole-
fins, and organic sulfides by using hydrogen peroxide as an
oxygen source (see Scheme 1).[1–5] The controlled partial oxi-
dation of such substrates to well-defined products is poten-
tially very useful.

In the biosphere, VHPOs are thought to be responsible
for the majority of halogenated natural products. These en-
zymes are especially abundant in the marine environment.[6]

As the catalytic turnover of VHPO far exceeds any synthet-
ic catalyst for halide oxidation known to date,[4] this family
of proteins has aroused interest for bio-inspired catalyst
design.[7] Pharmaceutical applications have recently emerged

based upon structural analogues of the active site in
VHPO.[8] The pharmacotherapeutic activity of these model
systems has prompted further research into the structure
and function of these enzymes.

Experimentally VHPOs have been shown to contain va-
nadium in the oxidation state V,[9] which is believed to be
constant throughout the catalytic cycle.[10] The first stage of
the catalytic cycle is thought to involve an initial proton
transfer to one of the oxygen atoms directly bound to the
vanadium.[11]

The X-ray structure was reported for the vanadium-de-
pendent chloroperoxidase (VCPO) extracted from Curularia
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Scheme 1. The oxidation of a) halide, b) sulfide, and c) olefin in the pres-
ence of hydrogen peroxide.
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Inaequalis in the native form by Messerschmidt et al. in
1996.[12] The resolution of protein X-ray crystallography pre-
cludes definite conclusions on protonation states and hydro-
gen-bonding interactions, which may be crucial for the
action of this enzyme. The X-ray structure of the peroxo
form of VCPO has also been resolved;[12] however, the pro-
tonation state of the peroxo form is far less contentious.

A number of theoretical studies have investigated small
vanadium complexes as models of the vanadium chloroper-
oxidase protein. Zampella et al.[13] performed a systematic
survey of a large number of small active site mimics and
found the doubly protonated, monoanionic vanadate to be
the most energetically stable using density functional theory
(DFT) in the gas phase. A time-dependent density function-
al study by Bangesh and Plass[14] also advocated the doubly
protonated, monoanionic vanadate to be the resting state.
However, the omission of the protein environment may lead
to large geometric and/or electronic structure changes that
can qualitatively affect the results of these two studies.

There have been two previous QM/MM (QM=quantum
mechanical; MM=molecular mechanical) investigations of
this protein (VCPO) to date.[15,16] Carlson and co-workers[15]

identified the triply protonated, neutral vanadate moiety
with an axially coordinated water and one hydroxyl group in
the equatorial position as the lowest energy model, and
therefore, considered it likely to be the resting state in the
naturally occurring enzyme. They used a truncated protein
model, designed to capture the electrostatic effects acting
on the active site of VCPO. More recently Raugei and Car-
loni[16] reported on a series of CPMD/MM simulations. Free-
energy calculations and geometric similarity to the original
X-ray structure of the native VCPO provided support for
the doubly protonated, monoanionic vanadate form.

A multitude of studies on the 51V NMR spectra of vanadi-
um-containing peptides recorded in solution now exists.
Butler et al.[17] reported a 51V NMR spectrum of human
transferrin (Tf) d=�529.5/�531.5 ppm. Rehder et al.[18]

measured 51V NMR chemical shifts of bovine apo-transfer-
rin (Tf) d=�515 ppm and of bovine prostatic acid phospha-
tase (Pp) d=�542 ppm in solution. It is reasonable to
assume that the 51V NMR chemical shifts might be in a simi-
lar region for VCPO. On the other hand, an unusually
strong shielding (d��930 ppm) was found for a related va-
nadium-containing bromoperoxidase.[18]

The recent paper by Pooransingh-Margolis et al.[19] was a
major impetus for the current study. The authors published
the first experimental 51V solid-state magic angle spinning
(MAS) NMR spectrum of VCPO. They determined the iso-
tropic chemical shift to be �507.5 ppm in the solid state
(corrected for the second-order quadrupole shift), which is
in fair agreement with the solution studies referred to above
for other biological systems. The nuclear quadrupole cou-
pling constant CQ and asymmetry parameter hQ of the elec-
tric field gradient (EFG) tensor were both determined along
with the reduced anisotropy ds and the asymmetry hs of the
chemical shift anisotropy (CSA) tensor. Gas-phase DFT cal-
culations were used to investigate a large number of small

vanadium-containing complexes as models of VCPO. The
theoretical work did not include the protein environment,
but aimed instead at the identification of small model sys-
tems that would resemble the experimentally observed
51V NMR chemical shifts.

The primary focus of the current study is the computation
of 51V NMR chemical shifts of VCPO. It has been shown re-
cently that 51V chemical shifts can be computed with
modern DFT methods and are quite often sensitive to struc-
tural details.[20] Herein, chemical shifts are calculated from
QM/MM models that incorporate the protein environment
using a fully solvated and equilibrated system starting from
the X-ray structure. The values refined from the experimen-
tal 51V NMR spectrum[19] are used to evaluate the QM/MM
models of the resting state of VCPO.

Computations of NMR chemical shifts in a QM/MM
framework are becoming increasingly popular,[21] and the
potential usefulness of such schemes for the treatment of a
transition-metal nucleus in a model for an active site of an
enzyme has been demonstrated early on.[21a] We now report,
to the best of our knowledge, the first application of such a
QM/MM scheme to study NMR properties of a transition
metal in a metalloenzyme.

Computational Methods

Protein preparation : The pdb file (1IDQ.pdb) was obtained from the
RCSB website.[22] Protonation states of the titratable residues were as-
signed based on calculated pKa values by using the Propka program,[23]

the overall charge of the protein model after protonation was �19 e. Neu-
trality was then imposed on the models by selectively protonating resi-
dues on the surface of the protein that were >5 J from the active centre
(residues with higher pKa values were preferentially protonated). The In-
sightII[24] software package was employed to add a 14 J solvent shell of
TIP3 water iteratively (with intermediate relaxation) to the protein X-
ray structure. A frozen crust of solvent molecules (outer 7 J) was im-
posed to prevent solvent “escaping” during the model relaxation and
equilibration phase. The vanadate moiety was also fixed at X-ray coordi-
nates with an additional rigid constraint being applied to the vanadium—
histidine 496 Ne bond during equilibration. The solvated protein was re-
laxed by means of several cycles of molecular mechanics (MM) minimi-
zation and molecular dynamics (MD) simulations. Once the system was
equilibrated (�200–400 picoseconds of MD simulation), six snapshots
were taken at random intervals along the MD trajectory for QM/MM op-
timizations, in order to generate a reasonable sample size with different
protein configurations.[25]

QM/MM optimization : ChemShell[26] was utilized as the QM/MM soft-
ware suite. Turbomole[27] with the BP86[28] functional and the AE1 basis
set was applied to the QM regions using the resolution of identity ap-
proximation, RI-BP86/AE1. The AE1 basis comprises the Wachters
basis[29] augmented with two diffuse p and one diffuse d sets for metal
centers (8s7p4d, full contraction scheme 62111111/3311111/3111), and 6-
31G*[30] for all other atoms in the QM region, together with suitable aux-
iliary fitting functions from the Turbomole library.[31] DL_POLY[32] pro-
vided the MM energy and gradients using the CHARMM27 force
field.[33] An electrostatic embedding scheme was applied.[34] Partial
atomic charges for the vanadate moiety were created by using a natural
population analysis from gas-phase models optimized at the RI-BP86/
AE1 level of theory. The residues within 10 J of the vanadium cofactor
were included in the active region (see Figure 1). The residues in the
active region (�1000 atoms) are deposited in the Supporting Information
(SI).
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51V NMR chemical shifts : The magnetic shielding tensors ŝ were comput-
ed by using the Gaussian 03[35] package with the B3LYP[36] functional and
the AE1+ basis (AE1 basis augmented with additional diffuse func-
tions[37] on all non-hydrogen atoms). The protein and solvent surrounding
the QM region were treated as fixed point charges.

A single VOCl3 molecule was used as a reference for the conversion to
relative chemical shifts with a calculated isotropic magnetic shielding of
s=�2294.4 ppm (which is bracketed by the reported B3LYP values,[19]

s=�2317.2 and s=�2279.4 ppm for the TZV and 6-311+G basis, re-
spectively). The isotropic chemical shift diso is defined as diso=siso�sVOCl3,
in which siso is the isotropic shielding of the vanadium nucleus and sVOCl3

is the reference isotropic chemical shielding of VOCl3.

There are a number of conventions in the literature with respect to the
definitions of the principal components of the CSA and EFG tensors,
which may lead to confusion. The Haeberlen–Mehring–Spiess[38] conven-
tion is adopted here for consistency with the previous work by Pooran-
singh-Margolis et al.[19] The principal axes are defined as follows [Eq. (1)]
in which d̂= �siso�ŝ and diso=

1=3(dxx+dyy+dzz).

jdzz�disoj � jdxx�disoj � jdyy�disoj ð1Þ

The reduced anisotropy ds and the asymmetry parameter hs are defined
in Equations (2) and (3)

ds ¼ dzz�diso ð2Þ

hs ¼
�
dyy�dxx

ds

�
ð3Þ

During line shape analysis of the solid-state NMR spectra, values for the
quadrupole coupling constant CQ (MHz) and asymmetry parameter hQ
are refined, and are related to the EFG tensor by Equations (4) and (5)
in which Vii is the EFG tensor at vanadium in atomic units, ordered ac-
cording to jVzz j� jVyy j� jVxx j ; h is PlanckRs constant; Q is the quadru-
pole moment of 51V which is �5.2 fm2.[39] .

CQ ¼ e
2QVzz

h
ð4Þ

hQ ¼ Vxx�Vyy
Vzz

ð5Þ

This value was chosen for consistency with the experimental work, de-
spite a more recent value being proposed in the literature.[40]

Protonation states of vanadate : The vanadate moiety has four crystallo-
graphically resolved oxygen atoms (one axial and three equatorial) as
shown in Figure 2. We considered triply, doubly, and singly protonated
models, which are hereafter referred to as VOT, VOD, and VOS respec-

tively. The oxygen labels from the X-ray study (1IDQ.pdb) were used
throughout this work. The labeling of the equatorial oxo ligands is not
uniform in the literature, since some of the authors[15, 16] use different con-
ventions.

Positional isomers : Protonation at different vanadate oxygen atoms gen-
erates positional isomers. Those that are studied presently are listed in
Table 1, which also introduces the chosen notation. An exhaustive study

on all possible permutations of positional isomers for each protonation
state was not performed. Visual inspection of the immediate protein en-
vironment surrounding O2 does not indicate any available residues that
may act as significant hydrogen-bond acceptors. Therefore, protonation
of O2 appears less likely than that of the other equatorial oxygen atoms.
We thus do not consider the singly protonated VOS2, the doubly proton-
ated VOD24, and the triply protonated VOT124 and VOT244 models as
candidate structures and include only the VOT234 model to check the
validity of this assumption. Previously Carlson and co-workers[15] have
noted that an axial water molecule may represent a low-energy confor-
mation with one additional equatorial hydroxo group, and therefore, we
also studied a number of models that contain a water molecule in the
axial position.

QM regions : Four QM regions were investigated for each of the selected
models in Table 1. Figure 3 displays the residue sections and the crystallo-
graphic water molecules that are included in each QM region, see
Table 2.

Figure 1. a) A cross section through the solvated protein: the outer
region in light grey is solvent (14 J layer from the protein surface), the
fixed protein environment during the QM/MM optimization (residues
>10 J from vanadate) is displayed as a ribbon. The grey sphere centered
on the vanadate moiety is the active region subjected to the QM/MM op-
timization (including all residues <10 J from vanadate). The vanadate
moiety and the bound HIS496 are shown as a visual guide. b) Schematic
system partitioning with the filled black circle (roughly in the centre) rep-
resenting the vanadate moiety. Figure 2. Vanadate moiety (vanadium and four oxygen atoms) and coor-

dinated imidazole moiety, showing the oxygen labeling used throughout
this study and potential hydrogen bonding interactions with the protein
environment (all labels are consistent with those in the 1IDQ.pdb file).

Table 1. Selected models labeled according to the protonation state
(VOT, VOD, and VOS) and the oxygen atoms that are protonated (1, 2,
3, 4).

Triply
protonated

Doubly
protonated

Singly
protonated

VOT134 VOD14 VOS1
VOT234 VOD34 VOS3
VOT144 VOD44 VOS4
VOT344
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Results and Discussion

General considerations: QM/MM results are available for
each of the ten selected models (Table 1) with four different
QM regions I–IV of increasing size (Figure 3). The results
for the largest QM region (IV) should be the most reliable
and will therefore be discussed preferentially, while those
for the smaller QM regions (I–III) will be presented primar-
ily in the context of establishing their convergence (or sensi-
tivity) with regard to the size of the QM region. In each
system, we have generated data for six individual snapshots
(see Computational Methods) that will not be discussed in-
dividually, but only in terms of their mean values and stan-
dard deviations. The latter give an indication of how much
the results may vary due to fluctuations in the protein envi-
ronment (as encountered along an MD trajectory).

In the following we shall focus on geometries and NMR
properties. We shall not address energetics, mainly for two
reasons: Firstly, it is extremely demanding to compute relia-
ble relative QM/MM energies for models (Table 1) that
differ in the protonation state of the central vanadate

moiety, because of long-range electrostatic interactions and
the associated need for extensive sampling. Secondly, in our
current computational setup, the various models and snap-
shots are generated independently, and hence the active (op-
timized) regions will generally be different so that the ener-
gies are no longer directly comparable. We have not at-
tempted to remedy this latter issue, because our primary in-
terest is on geometries and NMR properties for which one
can compare the computational results with experimental
data from X-ray crystallography and 51V NMR spectroscopy.
Active-site geometries and chemical shifts are expected to
be essentially local properties that should not depend too
much on the more distant protein environment (certainly
less so than the total energy).

Geometries: In general there appears to be excellent geo-
metric convergence (for individual models) across the six
snapshots after QM/MM optimization. Figure 4a displays an
overlay of the heavy atoms in QM region III for the six
snapshots of VOT144 to illustrate this small deviation. Fig-

ure 4b shows an overlay of the heavy atoms for QM region
III for three different models, and highlights that the loca-
tion of the protons can significantly perturb the geometry
around the vanadate moiety.

The X-ray structure of VCPO solved by Messerschmidt
et al.[12] has three almost identical equatorial VO bond
lengths (within �0.04 J), see top of Table 3. The axial VO
distance is reported to be longer than the equatorial ones by
around 0.26 J. This would suggest one protonated axial and
three deprotonated equatorial oxygen atoms. However due
to the current resolution limitations of X-ray crystallogra-
phy, we consider a wider range of possible protonation
states. The average bond lengths and standard deviations for
the atoms coordinated to vanadium are given in Table 3 for
QM regions I and IV. The corresponding data for QM re-
gions II and III are deposited in the Supporting Information
(SI).

A first glance at the standard deviations in Table 3 (values
in parentheses) reveals that the geometrical parameters for

Figure 3. QM regions (I–IV), nitrogen (black-tube), carbon (grey-tube),
hydrogen (white-tube), oxygen (black-small spheres), and vanadium
(grey-large spheres), for the VOD34 example.

Table 2. The residues and side chains that are included in each of the
QM regions.

QM region
(Number of atoms)

Residues and
side chains included

I (19 atoms) Vanadate moiety (VAN), HIS496[a]

II (37 atoms) I + HIS404,[a] CRYW200, CRYW333
III (71 atoms) II + LYS353,[a] ARG360,[a] ARG490[a]

IV (96 atoms) III[b] + PRO401,[c] SER402,[d] GLY403[d]

[a] Side chain included up to the first aliphatic C�C bond. [b] Full
HIS404 residue included. [c] Only C=O group included. [d] Full residue
included.

Figure 4. a) Overlay of the six optimized snapshots for QM region III of
model VOT144 (complete residues displayed and crystallographic water
omitted for clarity), showing small variation in the geometry. b) Overlay
of the heavy atoms in the active site for X-ray[12] (orange), VOD144
(blue), VOD14 (red), and VOD34 (green) for QM region III (complete
residues) with noticeable variation amongst different models.
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each model and QM region are generally very similar within
the six selected snapshots. In 93 out of the 100 cases includ-
ed in the table, this standard deviation is no larger than
0.02 J. This finding indicates that in each case there is pre-
dominant population of minima, which are closely related as
far as the geometry of the vanadate moiety is concerned,
and that there are only small perturbations due to the pro-
tein environment.

Overall the results for each of the models are fairly insen-
sitive toward extension of the QM regions from I to IV. Ap-
parently, the effects of the local environment on the vana-
date geometry are reasonably well described already by the
smallest QM region and the electrostatic embedding
scheme. There are two notable exceptions, namely, models
VOT134 and VOT234. In these cases, a proton is transferred
from O4 to HIS404 after the QM region is extended to in-
clude the two crystal water and HIS404 moieties (i.e. , al-
ready in QM region II, see Supporting Information). This
proton transfer is observed in all six snapshots during opti-
mization, effectively converting these triply protonated
models into the respective doubly protonated ones, with H
atoms remaining at O1,O3 and O2,O3. Concomitantly, the V�
O4 bond length decreases by about 0.13 J as the OH ligand
is transformed into a terminal oxo atom (compare QM I
and IV data for VOT134 and VOT234 models in Table 3).
Even in these cases, the distances involving the equatorial
oxygen atoms O1–O3 are not strongly affected by increasing
the QM region.

Interestingly, in those cases where a water molecule is
placed at the axial position (VOT144, VOT344, and
VOD44), the V�O4 bond length also decreases noticeably
(by 0.04–0.13 J) upon going from QM region I to IV. In
these cases, however, no proton transfer is observed and the

water molecules stay intact
throughout, forming a persis-
tent hydrogen bond to HIS404.
Arguably, the bond between va-
nadium and water is weaker
than that involving a hydroxy
or oxo ligand, and is thus more
sensitive to specific hydrogen-
bonding interactions and the
way these are treated computa-
tionally.

Optimized V�O bond lengths
invariably adopt values that are
typical for the particular ligand
involved, around 1.7 J, 1.8–
2.0 J, and 2.1 J for oxo, hy-
droxy, and water ligands, re-
spectively, with a slight tenden-
cy to increase with the amount
of negative charge on the cen-
tral vanadate unit (e.g., note
the elongation of the V�O3 dis-
tance from 1.90 to 1.98 J on
going from VOT344 via

VOD34 to VOS3, that is, as the overall charge on vanadate
successively increases from zero to �2).

The V�N bond length involving HIS496 is somewhat
more variable across models, ranging from ca. 2.1–2.4 J.
Closest V-N contacts are observed when the other axial
ligand trans to HIS496 is a water molecule (as in VOT144,
VOT344, and VOD44), longer values are found when this is
just an oxo atom (as in VOS1, VOS3, or in VOT134 and
VOT234 after the aforementioned proton transfer).

Unfortunately, a direct comparison of the optimized and
observed distances appears difficult due to the limitations
set by the resolution achievable experimentally (in this case,
2.03 J resolution with R=19.7 %, affording mean positional
errors of the atoms of �0.24 J).[12] Models VOS1 and VOS3
appear to be less likely candidates because the computed
distances between vanadium and the equatorial O atoms are
much longer than that involving the axial O4 (by up to
0.27 J for the protonated O atoms), whereas the opposite
trend is observed experimentally.[12] However, assessment of
individual models based on such singular deviations may not
be very reliable. To quantify the overall difference between
optimized QM/MM models and the X-ray structure the
RMSD values for non-hydrogen atoms are reported in
Table 4. These RMSD values show a rather modest variation
and make it difficult to advocate or exclude any model as a
possible candidate for the resting state of VCPO based
solely upon the RMSD. Interestingly, the RMSD values ob-
tained by Carloni[16] show significantly more variation
amongst models and are also much larger in magnitude than
observed here. The RMSD values do not significantly differ
between the QM regions I and IV for individual models
(compare columns 1 and 2 of Table 4).

Table 3. Bond lengths involving atoms coordinated to vanadium for QM/MM regions I and IV. Mean bond
lengths and standard deviations are reported in J. X-ray refined experimental values[12] are shown for compar-
ison.

V�NHIS496 V�O1 V�O2 V�O3 V�O4

X-ray[12] 2.08 1.60 1.61 1.64 1.88
VOT134 I 2.15 ACHTUNGTRENNUNG(0.02) 1.87 ACHTUNGTRENNUNG(0.02) 1.63 ACHTUNGTRENNUNG(0.00) 1.84 ACHTUNGTRENNUNG(0.01) 1.80ACHTUNGTRENNUNG(0.01)

IV 2.36 ACHTUNGTRENNUNG(0.11) 1.88 ACHTUNGTRENNUNG(0.03) 1.66 ACHTUNGTRENNUNG(0.01) 1.88 ACHTUNGTRENNUNG(0.02) 1.69ACHTUNGTRENNUNG(0.06)
VOT234 I 2.14 ACHTUNGTRENNUNG(0.01) 1.63 ACHTUNGTRENNUNG(0.00) 1.90 ACHTUNGTRENNUNG(0.00) 1.80 ACHTUNGTRENNUNG(0.01) 1.83ACHTUNGTRENNUNG(0.00)

IV 2.32 ACHTUNGTRENNUNG(0.01) 1.66 ACHTUNGTRENNUNG(0.00) 1.93 ACHTUNGTRENNUNG(0.00) 1.89 ACHTUNGTRENNUNG(0.00) 1.67ACHTUNGTRENNUNG(0.00)
VOT144 I 2.04 ACHTUNGTRENNUNG(0.02) 1.87 ACHTUNGTRENNUNG(0.00) 1.65 ACHTUNGTRENNUNG(0.00) 1.65 ACHTUNGTRENNUNG(0.00) 2.18ACHTUNGTRENNUNG(0.01)

IV 2.11 ACHTUNGTRENNUNG(0.00) 1.90 ACHTUNGTRENNUNG(0.00) 1.66 ACHTUNGTRENNUNG(0.00) 1.66 ACHTUNGTRENNUNG(0.00) 2.05ACHTUNGTRENNUNG(0.01)
VOT344 I 2.07 ACHTUNGTRENNUNG(0.00) 1.66 ACHTUNGTRENNUNG(0.00) 1.66 ACHTUNGTRENNUNG(0.00) 1.87 ACHTUNGTRENNUNG(0.00) 2.11ACHTUNGTRENNUNG(0.00)

IV 2.11 ACHTUNGTRENNUNG(0.00) 1.66 ACHTUNGTRENNUNG(0.01) 1.66 ACHTUNGTRENNUNG(0.00) 1.90 ACHTUNGTRENNUNG(0.01) 2.07ACHTUNGTRENNUNG(0.00)
VOD14 I 2.21 ACHTUNGTRENNUNG(0.02) 1.91 ACHTUNGTRENNUNG(0.01) 1.66 ACHTUNGTRENNUNG(0.01) 1.66 ACHTUNGTRENNUNG(0.01) 1.89ACHTUNGTRENNUNG(0.01)

IV 2.24 ACHTUNGTRENNUNG(0.01) 1.91 ACHTUNGTRENNUNG(0.01) 1.67 ACHTUNGTRENNUNG(0.00) 1.67 ACHTUNGTRENNUNG(0.00) 1.90ACHTUNGTRENNUNG(0.02)
VOD34 I 2.20 ACHTUNGTRENNUNG(0.02) 1.67 ACHTUNGTRENNUNG(0.00) 1.66 ACHTUNGTRENNUNG(0.01) 1.91 ACHTUNGTRENNUNG(0.01) 1.90ACHTUNGTRENNUNG(0.01)

IV 2.19 ACHTUNGTRENNUNG(0.01) 1.67 ACHTUNGTRENNUNG(0.01) 1.67 ACHTUNGTRENNUNG(0.00) 1.93 ACHTUNGTRENNUNG(0.01) 1.91ACHTUNGTRENNUNG(0.02)
VOD44 I 2.10 ACHTUNGTRENNUNG(0.00) 1.70 ACHTUNGTRENNUNG(0.00) 1.69 ACHTUNGTRENNUNG(0.00) 1.69 ACHTUNGTRENNUNG(0.00) 2.24ACHTUNGTRENNUNG(0.01)

IV 2.14 ACHTUNGTRENNUNG(0.00) 1.70 ACHTUNGTRENNUNG(0.00) 1.71 ACHTUNGTRENNUNG(0.00) 1.71 ACHTUNGTRENNUNG(0.00) 2.14ACHTUNGTRENNUNG(0.05)
VOS1 I 2.15 ACHTUNGTRENNUNG(0.02) 1.97 ACHTUNGTRENNUNG(0.00) 1.69 ACHTUNGTRENNUNG(0.01) 1.70 ACHTUNGTRENNUNG(0.00) 1.72ACHTUNGTRENNUNG(0.00)

IV 2.29 ACHTUNGTRENNUNG(0.05) 1.94 ACHTUNGTRENNUNG(0.02) 1.67 ACHTUNGTRENNUNG(0.01) 1.67 ACHTUNGTRENNUNG(0.01) 1.67ACHTUNGTRENNUNG(0.01)
VOS3 I 2.54 ACHTUNGTRENNUNG(0.04) 1.71 ACHTUNGTRENNUNG(0.00) 1.69 ACHTUNGTRENNUNG(0.00) 1.95 ACHTUNGTRENNUNG(0.01) 1.70ACHTUNGTRENNUNG(0.00)

IV 2.42 ACHTUNGTRENNUNG(0.01) 1.70 ACHTUNGTRENNUNG(0.00) 1.69 ACHTUNGTRENNUNG(0.00) 1.98 ACHTUNGTRENNUNG(0.00) 1.74ACHTUNGTRENNUNG(0.00)
VOS4 I 2.39 ACHTUNGTRENNUNG(0.03) 1.71 ACHTUNGTRENNUNG(0.00) 1.70 ACHTUNGTRENNUNG(0.00) 1.71 ACHTUNGTRENNUNG(0.00) 1.92ACHTUNGTRENNUNG(0.00)

IV 2.32 ACHTUNGTRENNUNG(0.01) 1.72 ACHTUNGTRENNUNG(0.00) 1.72 ACHTUNGTRENNUNG(0.00) 1.71 ACHTUNGTRENNUNG(0.00) 1.93ACHTUNGTRENNUNG(0.00)
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Hydrogen bonding: Hydrogen-bonding interactions between
the vanadate moiety and the surrounding protein matrix are
important for active-site properties. They are best studied
by QM/MM calculations with QM region IV, which by
design contains all such possible direct hydrogen-bonding in-
teractions. The corresponding hydrogen-bond lengths
around the vanadate moiety are presented in Table 5. The
generally rather small standard deviations across the six
snapshots (values in parentheses) indicate that the individu-
al models of VCPO have a dominant hydrogen-bonding net-
work and not a multitude of different networks. As expect-
ed, the hydrogen bonds formed with crystallographically re-
solved water molecules exhibit much larger variations due
to the inherent mobility of water (data not shown).

The O1�ARG360 hydrogen bond is found to be around
2 J for all models. This hydrogen bond is stable across the
six snapshots (cf. the low standard deviation). The O1�
ARG490 distance shows greater variation and is rather
longer (ranging up to 2.9 J) than the O1�ARG360 hydro-
gen bond. The O2�LYS353 and O2�GLY403 distances gener-
ally mirror each other and range from medium (1.8 J) to
large values (3.0 J for O2�LYS353). The O3�SER402 dis-
tance follows the same basic pattern with stability across
snapshots and variation between models. The H4 atom
(when present) is hydrogen bonded to HIS404 and generally
has the shortest distance of all possible hydrogen bonds con-
sidered around the vanadate moiety. The initially (in QM
region I) triply protonated models VOT134 and VOT234

lose the axial H4 atom to the HIS404 moiety as mentioned
previously, and the resulting H4-HIS404 distances clearly in-
dicate N�H single bonds, see final column of Table 5. In
summary, the hydrogen bonding around the vanadate
moiety is generally similar for different snapshots of a given
model, but there is some variation between the models.

Isotropic 51V NMR chemical shifts: Computed isotropic
chemical shifts are obtained as the difference between mag-
netic shieldings and can thus benefit from error cancellation.
This applies, for example, for the neglect of relativistic ef-
fects, which are especially important for core orbitals, but
tend to be quite transferable for 3d transition metals in dif-
ferent environments.[41] The computed isotropic 51V chemical
shifts (diso) are displayed in Table 6.

A cursory glance at Table 6 shows that the diso values of
all models are rather stable across the QM regions II–IV, in
which variations typically amount to less than 20 ppm. Fluc-
tuations across QM regions I–IV can be somewhat larger, in
particular for the first two triply protonated models, for
which deprotonation of O4 has occurred upon inclusion of
HIS404 into the QM region. Concomitant with this proton
transfer, a noticeable shielding of the 51V nucleus is found,
by approximately �70 and �45 ppm for VOT134 and
VOT234, respectively.

Starting from the equilibrated VOS4 model, a new model
was generated in which an additional proton was placed on

Table 4. Root-mean-square deviations (RMSD, in J) for all heavy atoms
included in the QM region IV, relative to the X-ray-derived structure
(1IDQ.pdb).[12]

I IV

VOT134 0.31�0.01 0.30�0.02
VOT234 0.33�0.01 0.41�0.01
VOT144 0.26�0.01 0.26�0.01
VOT344 0.32�0.03 0.32�0.01
VOD14 0.30�0.03 0.32�0.02
VOD34 0.35�0.02 0.36�0.04
VOD44 0.22�0.00 0.22�0.01
VOS1 0.28�0.01 0.32�0.02
VOS3 0.24�0.01 0.26�0.01
VOS4 0.28�0.02 0.30�0.02

Table 5. Possible hydrogen bonds in QM/MM calculations using QM region IV. Mean bond lengths and standard deviations are reported in angstroms.
CHARMM atom types are given in brackets and superscripted residue labels are consistent with the X-ray pdb file.

O1�H [HH11]ARG360 O1�H [HH22]ARG490 O2�H [HZ1]LYS353 O2�H [HN]GLY403 O3�HG [HG1]SER402 H4�N [ND1]HIS404

VOT134 2.15 (0.21) 2.40 (0.44) 1.81 (0.04) 1.83 (0.02) 1.90 (0.05) 1.15 (0.25)
VOT234 2.00 (0.02) 2.04 (0.04) 1.79 (0.01) 1.93 (0.01) 2.09 (0.03) 1.04 (0.00)
VOT144 1.84 (0.02) 2.90 (0.06) 2.97 (0.81) 1.88 (0.02) 2.13 (0.08) 1.58 (0.02)
VOT344 1.95 (0.02) 2.27 (0.07) 1.82 (0.00) 1.96 (0.01) 1.88 (0.01) 1.68 (0.01)
VOD14 1.92 (0.08) 2.88 (0.11) 1.75 (0.01) 1.78 (0.00) 2.20 (0.38) 1.75 (0.01)
VOD34 1.93 (0.08) 2.79 (0.23) 1.79 (0.08) 1.89 (0.15) 1.99 (0.13) 1.93 (0.06)
VOD44 1.95 (0.08) 2.01 (0.02) 1.56 (0.03) 1.74 (0.00) 1.79 (0.02) 1.78 (0.01)
VOS1 2.07 (0.02) 1.74 (0.01) 1.72 (0.02) 2.00 (0.21) 2.52 (0.17) –
VOS3 1.99 (0.02) 1.84 (0.01) 1.95 (0.01) 1.99 (0.01) 1.67 (0.00) –
VOS4 1.84 (0.04) 1.84 (0.04) 1.62 (0.01) 1.74 (0.01) 1.73 (0.01) 1.87 (0.00)

Table 6. 51V isotropic chemical shifts (ppm) averaged over six snapshots,
together with the corresponding standard deviations. For each of the
QM/MM models considered, results are given for QM regions I–IV.
VOS4* indicates HIS404 being doubly protonated.

I II III IV

VOT134 �550�6 �635�2 �623�8 �618�11
VOT234 �540�4 �587�3 �585�3 �583�3
VOT344 �610�1 �620�2 �610�2 �602�2
VOT144 �606�3 �617�2 �609�3 �602�2
VOD14 �615�8 �620�11 �596�5 �580�13
VOD34 �623�6 �628�11 �618�2 �607�3
VOD44 �541�3 �558�9 �547�10 �541�10
VOS1 �645�2 �627�18 �621�16 �615�18
VOS3 �651�1 �629�2 �619�1 �610�1
VOS4 �560�3 �570�2 �564�2 �553�2
VOS4* �554�3 �564�3 �553�3 �546�4
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HIS404, labeled VOS4* in Table 6. Interestingly, the addi-
tional proton on HIS404 did not transfer back to the singly
protonated vanadate moiety. There is no large difference in
the isotropic chemical shift due to the additional proton.
Therefore, the protonation state of the HIS404 has no direct
effect on chemical shifts. However, an indirect effect is ob-
served when the deprotonated HIS404 accepts the axial
proton in the case of VOT134 and VOT234.

The isotropic NMR shifts range from around �550 to
�620 ppm for QM region IV, without showing a clear de-
pendence on the protonation state. This range is dominated
by values of the VOS4 and VOD44 outliers, which are con-
siderably more deshielded than the other models. The range
for the remaining models is only around 40 ppm, which im-
plies that all models are potential candidates for the experi-
mentally observed structure. The experimentally measured
isotropic chemical shift was reported to be �507.5 ppm[19]

which is noticeably less shielded than all models shown in
Table 6. This is consistent with previous computational re-
sults at the same or comparable QM levels for other vana-
dates,[20,42] for which the computed isotropic value is general-
ly too strongly shielded by roughly 100 ppm. Thus, while
VOS4 and VOD44 would seem to be the most likely candi-
dates based on the best agreement between computed and
experimental isotropic shifts, this assignment cannot be
upheld when the systematic errors of the QM method are
taken into consideration.

In summary, the isotropic 51V chemical shifts are found to
be a poor discriminator of likely protonation configurations
for QM/MM models of VCPO, due to the small variation re-
sulting from changes in the proximal proton environment.

Anisotropic 51V NMR chemical shifts—the CSA and EFG
tensors: There are four key parameters that characterize the
experimental solid-state 51V NMR spectra, namely the re-
duced anisotropy ds, asymmetry hs, nuclear quadrupole cou-
pling constant CQACHTUNGTRENNUNG(MHz), and asymmetry parameter hQ.
Their experimentally refined numerical values[19] are given
at the top of Table 7. These same parameters (ds, hs, CQ, hQ)
were computed from the CSA and EFG tensors obtained
from the QM/MM optimized models and these values are
collated in Table 7. The mean absolute percent deviation
(MAPD) of all four parameters for an individual model
with the associated standard deviation (SD) is also included
in Table 7. A detailed discussion of the deviations between
individual parameters computed from QM/MM models and
the experimentally reported values is not given in the inter-
est of brevity.

In general, the computed ds values can be somewhat
more sensitive to the size of the QM region than the iso-
tropic chemical shifts. As expected, changes between QM
region I and II (see the Supporting Information for the
latter values) are particularly pronounced for the initially
triply protonated models VOT134 and VOT234, due to the
aforementioned proton transfer to HIS496. Further exten-
sion of the QM region usually produces relatively small
changes in ds ; the same trend is observed for most of the
other models (with some exceptions, notably VOD14 and
VOD34, see Figure S1 in the Supporting Information), and
in the following we will only discuss results obtained with
the largest QM region IV.

The ds values computed for five of the models (VOT144,
VOT344, VOD34, VOD14, and VOS1) fall into the range of
�100 ppm from experiment, while the remaining models
show larger shifts to more positive values. Very large devia-

Table 7. Reduced anisotropy ds, asymmetry hs, nuclear quadrupole coupling constant CQ ACHTUNGTRENNUNG(MHz), and asymmetry parameter hQ with the associated stan-
dard deviations for six snapshots. The mean absolute percent deviation (MAPD) is also tabulated. Results are given for QM regions I and IV.

ds hs CQ hQ MAPD(SD)

EXP[19] �520�13 0.4�0.05 10.5�1.5 0.55�0.15

VOT134 I �414�53 0.6�0.13 �6.0�0.5 0.24�0.06 42�16
IV �280�91 0.2�0.21 �6.9�0.9 0.16�0.11 50�15

VOT234 I �568�3 0.2�0.01 4.6�0.1 0.63�0.04 32�24
IV �354�8 0.5�0.02 �8.6�0.1 0.36�0.02 27�7

VOT144 I �605�15 0.3�0.03 14.0�0.4 0.44�0.03 23�7
IV �600�19 0.4�0.05 11.9�0.4 0.45�0.09 11�8

VOT344 I �570�3 0.4�0.01 14.1�0.1 0.11�0.02 31�36
IV �587�5 0.5�0.01 12.8�0.1 0.22�0.03 29�21

VOD14 I �618�7 0.4�0.01 10.9�1.6 0.78�0.14 14�19
IV �499�26 0.5�0.03 9.3�0.0 0.54�0.03 11�10

VOD34 I �610�34 0.3�0.03 9.8�0.7 0.37�0.02 18�13
IV �551�16 0.3�0.03 9.5�0.1 0.51�0.04 12�9

VOD44 I 415�4 0.4�0.01 20.1�0.1 0.05�0.02 91�73
IV 417�11 0.2�0.03 18.2�0.9 0.18�0.09 93�59

VOS1 I �317�6 0.3�0.01 9.1�0.1 0.44�0.00 24�11
IV �404�82 0.3�0.08 8.1�0.3 0.49�0.17 18�6

VOS3 I �236�8 0.4�0.01 8.6�0.1 0.27�0.03 33�23
IV �295�6 0.3�0.01 8.5�0.0 0.24�0.02 37�16

VOS4 I 334�2 0.1�0.02 13.6�0.1 0.27�0.02 71�63
IV 330�2 0.2�0.03 12.9�0.1 0.07�0.01 79�62
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tions are found for those models that bear no protons on
the equatorial oxygen atoms, VOD44 and VOS4. For these
models positive ds values are predicted, clearly incompatible
with experiment, for which a negative value is found for this
property. It is worth noting that these are the very models
that might have been anticipated based on the raw structur-
al data (VO distances) and from an uncritical assessment of
the isotropic 51V chemical shifts (see above). That these
models can now be safely excluded based on the anisotropic
chemical shifts is testimony to the usefulness of solid-state
NMR spectroscopy in combination with quantum-chemical
calculations.

Only the absolute value of CQ can be determined experi-
mentally, not its sign. There are two models that miss the ex-
perimental absolute value, CQ=10.5 MHz, by an uncomfort-
ably large margin, namely VOT134 and VOD44, which
under- and overestimate CQ by nearly 4 and 8 MHz, respec-
tively (QM IV results in Table 7). The asymmetry parame-
ters can only assume values between zero and 1, and both hs

and hQ have been refined experimentally to an intermediate
value. The VOT134 and VOT344 models (together with
VOD44 and VOS4, which are already excluded based on
their ds values) afford h values that are significantly too low
compared to experiment.

A critical assessment of the models would require precise
knowledge of the inherent errors of the applied QM method
for each of the CSA and EFG tensor elements. A conserva-
tive estimate for these errors is about �20 %,[19] that is, com-
puted values are considered satisfactory when they are
within this range from experiment. The absolute percent de-
viation, averaged over the four tensor parameters, is includ-
ed in Table 7 (MAPD values, last column). In a ranking
based on this value, three models emerge as the most prom-
ising candidates, namely VOT144, VOD14, and VOD34,
which all have absolute percent errors as low as 11–12 %.

One of the singly protonated models, VOS1, also shows a
satisfactory agreement with experiment (MAPD 18 %).
However, this model has not been identified previously as a
low-energy structure (neither from gas-phase or QM/MM
studies) and is therefore not thought to represent the resting
state of VCPO.

To summarize this section, Table 7 contains three models
that are significantly closer to the experimentally deter-
mined parameters than all other candidates. These models
are the triply protonated VOT144 and two of the doubly
protonated models namely VOD14 and VOD34. Unfortu-

nately, further discrimination between these candidates is
not possible at present. Interestingly these models have
been identified in the previous QM/MM study by Carlson
and co-workers[15] based upon energy. Therefore, by demon-
strating that these models can reproduce the spectroscopic
observables, we provide compelling evidence that one of
them (or a mixture) is indeed a faithful representation of
the actual ground state of the enzyme.

Electrostatic and geometric effects on the 51V NMR chemi-
cal shifts: The environment (i.e., everything outside the QM
region) is modeled as fixed point charges for the calculation
of 51V NMR chemical shifts from the QM/MM optimized
geometries. An increase in the size of the QM region led to
convergence (generally a downfield shift) in the 51V NMR
isotropic chemical shifts (see Table 6 and associated discus-
sion). A similar behavior was noted above for the anisotrop-
ic 51V NMR chemical shifts, which turned out to be some-
what more sensitive. Despite being a local property, the
chemical shifts are thus influenced by the definition of the
QM region. We now address the question whether this is
due to either electrostatic or geometric differences between
the QM/MM partitioning schemes or some combination of
both, and discuss the effect of the electrostatic embedding
upon the wave function and subsequently the 51V NMR
chemical shifts for a few representative cases.

Calculations without surrounding point charges were per-
formed to probe the direct electrostatic effect of the protein
environment on the 51V chemical shifts. Model A uses the
atomic coordinates of all the QM atoms in the QM/MM op-
timized VOT134 structure with QM region I. There is a
large difference in the parameters that characterize the CSA
and EFG tensors as seen by significant deviations (see
Table 8) between model A without point charges and model
VOT134-I with these point charges (data as shown in
Table 7). However, when an analogous deletion of point
charges surrounding VOT134-IV is performed, labeled
model B, a reasonable agreement (a low MAPD) with the
original model is observed. There are two evident conclu-
sions; firstly, the electrostatic embedding scheme used
within this study does significantly affect the 51V NMR
chemical shifts for small QM regions. Secondly, if a large
enough QM region is employed then the effects of such an
embedding scheme become less influential on the chemical
shift of the metal center. Hence, when calculating the
51V NMR chemical shifts within a QM/MM framework, a

Table 8. The percent deviation (PD) between the models A–E and the original models (values from Table 7). The mean absolute percent deviation
(MAPD) is also provided for an overall assessment of numerical similarity.

Model Brief description PD
ds

PD
hs

PD
CQ

PD
hQ

MAPD

A VOT234-I : EFG and CSA tensors calculated without point charges �12 +45 +36 �55 37
B VOT234-IV : EFG and CSA tensors calculated without point charges �2 +14 �1 �3 5
C VOD34-I : Optimization (at QM IV), EFG and CSA tensors calculated without point charges +21 �4 �28 +75 32
D VOD34-IV : Optimization (at QM IV), EFG and CSA tensors calculated without point charges +18 +45 �11 +43 30
E QM/MM optimized geometry of VOT34 IV with EFG and CSA tensors calculated including only atoms

from QM region I plus all point charges
�4 +8 �2 +4 5
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good electrostatic representation of the MM region seems
crucial when using small QM regions.

The next step was to determine the importance of the
protein environment on the geometry of the QM region.
Starting from the QM/MM-optimized VOD34-IV model,
the active and inactive MM regions were deleted. The QM
region was then re-optimized at the RI-BP86/AE1 level of
theory. The starting structure was not stable, that is, a large
structural difference between the original QM/MM-opti-
mized geometry and the new QM gas-phase geometry was
observed (RMSD 0.79 J). This is to be expected; as the
protein environment is no longer included, the geometry is
free to relax without any constraint (see Figure 5 for an il-

lustration of the geometrical changes). Two separate calcula-
tions of CSA and EFG tensors were performed from this
gas-phase-optimized geometry; model C included only the
subset of atoms that are defined in the QM I region and
model D included all atoms defined in the QM IV region.
Table 8 shows the deviation between the parameters calcu-
lated from models C and D and the analogous parameters
optimized from the QM/MM-optimized geometries. Imme-
diately one can note significant discrepancies. Therefore, the
inclusion of the MM layer can have an extremely large
effect on the 51V NMR chemical shifts, and care needs to be
taken when assessing results computed for models in the gas
phase, even if these are quite sizable.

The geometric and electrostatic effects were further stud-
ied by taking the QM/MM-optimized geometry of VOD34-
IV and computing the NMR chemical shifts for the atoms
defined in the QM region I. This is labeled as model E and
the results are given in Table 8. The low deviation for the
parameters computed from model E and the VOD34-IV
shows that the small QM region is capable of reproducing
the chemical shifts of the larger QM model if the same ge-
ometry is used.

The influence of the protein matrix on the 51V chemical
shifts is thus largely geometrical in nature, by favoring a par-
ticular ligand arrangement about the metal center. The
“direct response” of the electronic wave functions in the
QM part to the surrounding charge distribution is, in com-

parison, smaller with an appropriately sized QM region.
Similar findings have been reported for solvent effects on d-
ACHTUNGTRENNUNG(51V) of small vanadates[42] and on other transition-metal
shifts, for example dACHTUNGTRENNUNG(57Fe)[43] and d ACHTUNGTRENNUNG(59Co),[44] with somewhat
larger “direct solvent” effects noted for dACHTUNGTRENNUNG(195Pt).[45]

To conclude, a crucial advantage of QM/MM calculations
is the ability to effectively optimize the whole system (QM
and MM) to realistic geometries, which is a prerequisite for
computing reliable chemical shifts. For the actual NMR cal-
culations, it is best to use large QM regions, but realistic
chemical shifts can already be obtained with small QM re-
gions provided that the electrostatic effects of the environ-
ment are included at least by means of using suitable point
charges.

Conclusion

We have computed 51V NMR parameters of VCPO for a
large number of QM/MM-optimized models, calling special
attention to different possible protonation states and posi-
tional isomers. In terms of non-hydrogen atomic coordinates
all of the many models considered show reasonable agree-
ment with the initial X-ray structure. This makes exclusion
of candidates based solely on geometric criteria (RMSD)
rather difficult. The bond lengths for atoms coordinated to
vanadium across individual models, as well as the computed
51V NMR parameters, turned out to be rather insensitive to
the conformational flexibility of VCPO. This sensitivity
latter was sampled by classical MD simulations with subse-
quent QM/MM optimizations starting from a number of
snapshots. The isotropic 51V chemical shifts were found to
be a poor indicator of protonation states due to small varia-
tion amongst models.

Investigation of the EFG and CSA tensors has identified
three models that agree with the experimentally derived
values from the 51V NMR spectrum. These models,
VOT144, VOD14, and VOD34, all have similar calculated
isotropic and anisotropic chemical shifts, as well as similar
geometries (only 0.1 J difference in RMSD across the three
models). Therefore, these three models are equally consis-
tent with both the X-ray and the NMR experimental data
and are now the subject of further study. It is encouraging
that by modeling the protein in a rational and systematic
way, the computed 51V NMR anisotropic chemical shifts
agree with the recently reported experimental 51V NMR
spectrum of VCPO. It is also reassuring that the conclusions
from the present spectroscopic QM/MM work are consistent
with those from previous QM/MM studies,[15,16] which identi-
fied the same models as being good candidates solely on the
basis of energetic considerations. The computation of the
anisotropic 51V NMR chemical shifts for QM/MM models of
VCPO is thus a useful tool for determining likely protona-
tion states of the active site in VCPO. This approach of de-
termining the proton arrangement within the active site of a
metalloprotein makes X-ray crystallography and solid-state
MAS NMR spectroscopy more complimentary.

Figure 5. Overlay of the QM/MM-optimized VOD34 model in the
enzyme (grey) and the same model QM-optimized in the gas phase
(black, QM region IV employed in both cases, CRYW shown as unla-
beled dots).
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