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Abstract: We report 5V solid-state NMR spectroscopy of the 67.5-kDa vanadium chloroperoxidase, at
14.1 T. We demonstrate that, despite the low concentration of vanadium sites in the protein (one per
molecule, 1 umol of vanadium spins in the entire sample), the spinning sideband manifold spanning the
central and the satellite transitions is readily detectable. The quadrupolar and chemical shift anisotropy
tensors have been determined by numerical simulations of the spinning sideband envelopes and the line
shapes of the individual spinning sidebands corresponding to the central transition. The observed
quadrupolar coupling constant Cq of 10.5 + 1.5 MHz and chemical shift anisotropy d, of =520 + 13 ppm
are sensitive reporters of the geometric and electronic structure of the vanadium center. Density functional
theory calculations of the NMR spectroscopic observables for an extensive series of active site models
indicate that the vanadate cofactor is most likely anionic with one axial hydroxo- group and an equatorial
plane consisting of one hydroxo- and two oxo- groups. The work reported in this manuscript is the first
example of 51V solid-state NMR spectroscopy applied to probe the vanadium center in a protein directly.
This approach yields the detailed coordination environment of the metal unavailable from other experimental
measurements and is expected to be generally applicable for studies of diamagnetic vanadium sites in
metalloproteins.

Introduction applications in industrial-scale biocatalytic conversions: vana-
dium haloperoxidases are the most efficient halide oxidants
known to daté’.

Despite the wealth of experimental data about vanadium

Vanadium haloperoxidases (VHPO) catalyze a two-electron
oxidation of halide to hypohalous acid in the presence of
hydrogen peroxide; the native enzymes require diamagnetic

V(V) for their activity (Scheme 1). haloperoxidqses, many aspects of their function and mechanism
are unclear, in part due to the fact that the enzymes are colorless
Scheme 1. The Reaction Catalyzed by Vanadium and diamagnetic in their active form, hampering spectroscopic
Haloperoxidases studies. Weak UV bands were detected in the region-330
H,0, + X +H' = H0 + HOX nm that report on vanadate binding to VCP@iis has been to

date the only spectroscopic probe to study the individual steps

Ha]operoxidases are named after the most e|ectronegative?n the mechanism. The :factors gOVerning the Sl,!bstrate .SpeciﬁC'
halide they are able to oxidize (i.e., chloroperoxidases oxidize ¥y, i-€., whether a particular enzyme will or will not display
Cl-, Br-, and I). These enzymes are universally present in chlorinating activity, are not understodd? The primary amino
marine algae, terrestrial fungi, and in some lichen; they are acid sequences are conserved to only ca. 20% across the various
thought to be involved in the biosynthesis of halogenated natural families of vanadium haloperoxidas€s: The overall structures
productst3 The kinetics and mechanism of haloperoxidases Of these proteins were also found to be different with the
have been the subject of multiple studigdue to their potential ~ €xception of the regions in the vicinity of the active Sitet?
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Figure 1. Active sites of VCPO fronC. inaequali§CPK color) and VBPO
from A. nodosungpink) have been superimposed to demonstrate the similar

site models were reported. Several interesting conclusions were
drawn. In the resting state, at least one equatorial oxygen needs
to be protonated to stabilize the metal cofactor. The axially
bound hydroxide proposed from the X-ray crystallographic data
results in a low energy structure; however, axially bound water
is also energetically favorable. Curiously, the calculations
suggest that the protonation state of the vanadate ion is likely
to be greater than previously proposéd.

Following this study, hybrid quantum mechanical/molecular
mechanics (QM/MM) calculations were performed by Carlson,
Pecoraro, and Kravitz on very large VCPO active site motels.

In addition to the 8 active site residues treated quantum
mechanically, 433 residues and 24 structural water molecules
were included in the calculation and described with molecular
mechanics. This exciting work highlighted the pivotal role of

the protein environment in creating the long-range electrostatic
field necessary for the stabilization of the resting state. A hybrid

resting state consisting of the two lowest-energy minima has
been proposed. Anionic vanadate with one axial and one

geometries. Active site residue labels correspond to VCPO (top) and VBPO equatorial hydroxo group was found to be nearly isoenergetic
(bottom). The proposed vanadate geometry consists of an axial hydroxowith the anionic vanadate containing an axial water ligand. The

group trans to His-496/His-486 and three equatorial oxo ligands. At a pH
lower than 8.0 protonation of one of the oxo groups may occur. The figure

has been prepared using the original pdb coordinates (pdb codes lidg an

1qi9) in DSViewer Pro (Accelrys, Inc.)

roles of the individual amino acid residues and of the oxo atoms

Hf the cofactor have been re-examined, leading to a revised

catalytic cycle.
Therefore, the mutagenesis and computational results in

On the other hand, the amino acids lining the first and the secondaggregate suggest that the electronic structure of the vanadate
hydrogen-bonding spheres for the vanadate active site are highlycofactor is modulated both by the protein and by the coordinated
conserved with one exception: a Phe residue in chloroperoxi- water or hydroxide ligands. However, the lack of direct
dases is invariably substituted by a His residue in bromoper- spectroscopic probes has so far prevented gaining further insight
oxidases. The active sites’ geometries of the chloro- and on the electronic environment of the vanadium center intimately
bromoperoxidase are found to be very simifaas illustrated  rejated to the enzymatic mechanism of vanadium haloperoxi-
in Figure 1. Mutation studies suggest that the electrostatic yages.

potential distribution changes are detrimental to the chlorinating | this work, we introducélV solid-state NMR spectroscopy
activity in a series of mutant chloroperoxidases, yet the crystal 35 3 direct and sensitive reporter of the vanadium site in

structures for a number of these mutants reveal intact or nearlyyanadium chloroperoxidases (VCPOLV is a half-integer
intact conformation of the active sité€:'* Thus, a delicate  guadrupolar nucleusl (= 7/,) with high natural abundance

balance of multiple interactions between the active site I’eSidueS(gglg%) and relatively high gyromagnetic ratio (Larmor fre-
has been proposed to be responsible for the chlorinating activityquency of 157.6 MHz at 14.1 T). The dominant anisotropic
of the haloperoxidasés,a hypothesis that remains to be quadrupolar and chemical shielding interactions are directly
corroborated. observed in the solid-state NMR spectra and bear a wealth of
The X-ray crystal structure determined at pH 8.0 revealed jrformation about the geometric and electronic structure of the
that, in the resting state of VCPO, the vanadate cofactor is yanadium sité®2° We demonstrate that the sensitivity of the
covalently bound to the & atom of a histidine residue (His-  NMR experiments in vanadium chloroperoxidase is such that
496 in the VCPO fronC. inaequaliy. The negative charge of  poth tensorial interactions are readily extracted from the
the vanadate group is compensated by hydrogen bonds to severajymerical simulations of the spinning sideband (ssb) envelopes
positively charged protein sidechains (Lys-353, Arg-360, and and the central transition ssb lineshapes. Sthiespectra reveal
Arg-490):!* Ser-402 and Gly-403 form hydrogen bonds with |arge quadrupolar interaction at the vanadium center providing
the equatorial oxygens of the vanadate cofactor; an additionaline first direct experimental evidence of the asymmetric
hydrogen bond may exist between the axial hydroxo group and gjectronic charge distribution at the metal site. Density functional

His-404. However, the presence and positions of hydrogen theory (DFT) calculations of the NMR parameters conducted
atoms could not be unambiguously determined from the crystal

structure due to the inherently limited resolution; therefore, the (14)
nature of the vanadium first coordination sphere ligands (i.e.,
whether a particular group is oxo- or hydroxo-) still remains (15)
the subject of debate.

Recently, the first quantum mechanical calculations of the
electronic structure and geometry of the vanadium center in the
resting staté"15and peroxo formi$16of a series of VHPO active
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in this work for an extensive number of active site models

previously addressed by Carlson, Pecoraro, De Gioia and co-

workerg4 in conjunction with the experimental NMR results
indicate that the vanadate cofactor is most likely anionic with
the hydroxo group in the axial position and the equatorial plane
composed of one hydroxo and two oxo groups. Our results are
in remarkable agreement with the conclusions drawn from the
computational studies by the above autkttsand, furthermore,
permit us to rule out the additional plausible energetically
favorable structures as described in detail below.

Theoretical Background: 51V Solid-State NMR

Spectroscopy

For half-integer spin nuclei, such &%, the solid-state NMR
spectra are dominated by a combination of the quadrupolar
interaction (the interaction between the electric quadrupole
moment of the nucleus and the electric field gradient on the
nuclear site) and nuclear magnetic shielding anisotropy. The
latter is observable in the NMR spectra via the symmetric part
of the chemical shift anisotropy (CSA) tensor (refs 18, 21 and
references therein). The different magnitudes and different
symmetry properties of the quadrupolar and chemical shift

_ eQVZZ. _ Vyy - Vxx
Co= "= v, (%)
— . — 6yy B 5XX. _1
60 - 622_ 6iso* Mo = 5. —5. éiso = /3((5)()( + 6yy+ 622)
2z iso

(6)

whereCq is the quadrupolar coupling constant (in MH),

Vyy, Vz are the principal components of the electric field gradient
(EFG) tensor, withV,; = eq being its largest principal
component, andVz4 =|Vyl =|Vx]. Cq defines the overall
breadth of the spectral envelofigis the vanadium quadrupole
moment 0.052 x 1028 V/m?2);2! e is the electronic charge;
his the Planck constant. HaeberteMehring—Spiess conven-
tion is followed in the definition of the CSA tensobg, is the
isotropic chemical shiftoyx, Oy, and d,, are the principal
components of the CSA tensay, is the reduced anisotropy of
the CSA tensor determining the breadth of the tensor (throughout
the text, we will refer ta), as anisotropy). Note that, according
to Haeberler-Mehring—Spiess, anisotropy of the CSA tensor
is defined asAd = 9, — (dx + Oyy)/2. We also note that the
chemical shift anisotropy tensor is related to the chemical

anisotropies allow these tensorial quantities to be extracted fromshielding anisotropy tensor as follows:

a single solid-state NMR spectrum, along with the mutual
orientations of the quadrupolar and CSA tens8#s:22.23|n

0=1o,,— 0

()

contrast, the anisotropic components of the tensorial interactions

are averaged out in solution, resulting in a loss of valuable
electronic and geometric information and detection of only the
isotropic chemical shifts by solution NMR spectroscopy.

The total Hamiltonian in addition includes the dipolar and
the radio frequency terms and can be expressed as

1)

The first three terms represent the Zeeman, the radio
frequency field, and the dipolar interactions. The dipolar
interaction is generally much smaller than the quadrupolar and
magnetic shielding anisotropy and will be omitted in the

H = Hzeemant Hre T Hpp + Hg + Hesa

subsequent discussions. The last two terms are the quadrupola&
and CSA interactions, which dictate the spectral shape. They

are conveniently expressed in a spherical tensor notation in term
of the spatial Ry, and spin Tmn) variables?*

= s = edsE - SST 1) @

Co RomPRo—ml Tam To—ml

2

Hesa = _V(RgosTgo + Rg(?Tgo) = (wié(s) +

o
Ho

Wy

HE = ©)

2m
039S, (4)

Hg) and Hg) are the first- and second-order quadrupolar

interactions. The quadrupolar and CSA tensor elements are

defined in a spherical harmonics basis set according to the
standard notatiof®26

(21) Smith, M. E.; van Eck, E. R. Herog. Nucl. Magn. Reson. Spectro$699
34, 159-201.

(22) Huang, W.; Todaro, L.; Francesconi, L. C.; Polenova]J.TAm. Chem.
Soc.2003 125 (19), 5928-5938.

(23) Huang, W. L.; Todaro, L.; Yap, G. P. A,; Beer, R.; Francesconi, L. C;
Polenova, TJ. Am. Chem. So@004 126 (37), 11564-11573.
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whered is the chemical shift tensod, is the chemical shielding
tensor 1 is the unit matrix, andis, is the isotropic value of the
chemical shielding of the reference compound, VOCI

nq andny, are the asymmetry parameters of the EFG and CSA
tensors, defining the deviations from axial symmetry.

Upon spinning the solid powder sample at the magic angle
(54.7) the spectral broadening due to the second-rank spatial
componentsRy, of tensorial anisotropies dﬂg) and Hcsa is
efficiently averaged into a spinning sideband pattern, while the
fourth-rank terms of theH®), since they are partially pre-
served, give rise to characteristic second-order line shapes. It
has been demonstrated by Skibsted, Nielsen, Jacobsen and their
olleagues as well as in our recent work that¥vequadrupolar
and the chemical-shielding tensors, and their relative orienta-

Stions, can be extracted with high precision by detecting the

complete manifold of spinning sidebands from the central and
the satellite transitions and subsequently comparing the experi-
mental and the simulated spectPd?-22.23.2835 These tensorial
interactions can be further correlated with the structure and
electronic properties at the vanadium site by classical electro-
static calculations for ionic compourfd® or more generally
via the density functional theory (DF9:36-37In this work, we

(26) Sandstrom, D.; Hong, M.; Schmidt-Rohr, €hem. Phys. Let1999 300
(1-2), 213-220.

(27) Facelli, J. CConcepts Magn. Reson., Part2004 20 (1), 42—69.

(28) Bak, M.; Rasmussen, J. T.; Nielsen, N. L.Magn. Reson200Q 147,
296-330.

(29) Nielsen, U. G.; Jacobsen, H. J.; Skibstedindrg. Chem200Q 39, 2135-
2145.

(30) Nielsen, U. G.; Jacobsen, H. J.; Skibsted]. Phys. Chem. BR001, 105,
420-429.

(31) Skibsted, J.; Jacobsen, C. J. H.; Jacobsen, khodg. Chem.1998 37,
3083-3092.

(32) Skibsted, J.; Nielsen, N. C.; Bildsge, H.; Jacobsen, Hl. Mlagn. Reson.
1991, 95, 88-117.

(33) Fyfe, C. A,; zu Altenschildesche, H. M.; Skibsted|nbrg. Chem.1999
38, 84-92.

(34) Skibsted, J.; Jakobsen, H.ldorg. Chem.1999 38, 1806-1813.
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employ the quantum mechanical DFT approach to interpret the
experimental NMR spectroscopic observables.

Experimental Section

Materials and Methods. All chemicals were purchased from either
Sigma or Fisher, unless otherwise specified.

Expression and Purification of Vanadium Chloroperoxidase.
Vanadium chloroperoxidase fro@urvularia inaequaliswas isolated
and purified using the recombinant systenSeccharomyces cerigiag,
as described by Hemrika et%IA modification to the original procedure
was made to minimize sodium salts during purification, to eliminate
possible sources éfNa, as the presence of the latter could potentially
interfere with the detection 6fV because of the similar gyromagnetic
ratios and resonance frequencies for the two isotopes.

The yeast cells were inoculated in a starter culture containing 0.17%
(w/v) yeast nitrogen base (without amino acids and ammonium sulfate),
0.5% (w/v) ammonium sulfate, leucine (3&/mL), tryptophan (24
ug/mL), and 2% (w/v) glucose and were grown to the end of the log

phase, after which the culture was transferred to media containing 1%

(w/v) yeast extract, 2% (w/v) peptone, and 1% (w/v) glucose. The
culture was grown until the end of the log phase. Induction was carried
out using galactose to a final concentration of 4%. The culture was
grown for three more days.

The yeast cells were harvested by centrifugation at (35xn8800
rpm), followed by resuspension in 50 mM Trisg@H 8.3. Release of
the protein from the cells was achieved by sonication on ice, and
removal of cell debris was done by further centrifugation. DNA
precipitation was achieved by the addition of 2-propanol to the
supernatant, followed by centrifugation (30 min15 000 rpm). The

supernatant was then added to DEAE Sephacel resin that was washe

and pre-equilibrated in 50 mM TrisSOpH 8.3. The protein was
allowed to bind to the resin by continuous stirring for 2 h, after which

the resin was poured into a column. The resin was then washed with

2 column volumes of 0.1 M KCI in 50 mM TrisSOpH 8.3 followed
by protein elution using 0.6 M KCI in 50 mM TrisSQOpH 8.3.

Prior to further purification by FPLC, the protein was dialyzed
against 25 mM piperazine HCI, pH 5.5, containing 10@ sodium
orthovanadate, followed by centrifugation (30 min15 000 rpm, 4
°C) to remove any excess DNA. The protein was loaded onto a MonoQ
column at a rate of 0.5 mL/min. The column was then washed with 2
column volumes of 25 mM piperazine HCI, pH 5.5 to remove any
unbound material. Protein elution was achieved by applying a linear
salt gradient, usim2 M KCI in 25 mM piperazine HCI, pH 5.5. The
protein eluted between 0.12 M to 0.15 M KCI. The active fractions

were pooled, sodium orthovanadate was added to a final concentration

of 100 uM, and the protein was placed at°€ overnight to allow
complete incorporation of vanadate into the active site of the protein.

Excess salt was removed by dialysis (SpectraPor membrane, 25 kDa]

molecular weight cutoff) against 25 mM Tris acetate, pH 8.3, containing
100uM sodium orthovanadate. The final dialysis step was conducted
against solution containing 25 mM Tris acetate, pH 8.3 to remove any

sodium and excess vanadate. The final sample conditions were similar

to those at which the X-ray structure determination was carried out.
The protein was concentrated using Amicon Centricon-Plus 30
(30 000 molecular weight cutoff) filter devices. The purified protein
solution was stored at80 °C until further analysis. Characterization
of the protein was done using SDS-PAGE, and quantification was
carried out by Bradford assay. Protein yield was approximately 80 mg
per 1 L ofcell culture. Throughout the purification procedure, enzyme
activity was monitored qualitatively by the phenol red assay and

(36) Bryce, D. L.; Wasylishen, R. BRhys. Chem. Chem. Phy&002 4 (15),
3591-3600.

(37) Ooms, K. J.; Wasylishen, R. E.Am. Chem. So@004 126(35), 10972~
10980.

(38) Hemrika, W.; Renirie, R.; Macedo-Ribeiro, S.; Messerschmidt, A.; Wever,
R. J. Biol. Chem.1999 274 (34), 238206-23827.

guantitatively by the MCD assayThe specific activity of the purified,
concentrated protein was approximately 16 units/mg, in excellent
agreement with the previous repoftsThe vanadate incorporation,
calculated by measuring the activity using MCD assay with and without
vanadate, was found to be approximately 98%.

Preparation of VCPO Sample for 5V Solid-State NMR Spec-
troscopy. The concentrated protein was lyophilized using a vacuum
centrifuge, and 68 mg of the lyophilized protein were packed into a 5
mm Doty SiN; thick-wall rotor. The packed rotor was then stored at
—20 °C until required for the solid-state NMR experiments.

Enzymatic activity was assessed before and after the NMR experi-
ments. The activity remained intact according to the assay conducted
on small portions of the lyophilized VCPO sample employed in the
SSNMR experiments.

51V Solid-State NMR Spectroscopy of Vanadium Chloroperoxi-
dase.5V solid-state NMR spectra were acquired at 157.64539 MHz
(14.1 T) on a Varian InfinityPlus narrow-bore spectrometer using a 5
mm Doty XC5 single-channel MAS probe, at spinning frequencies of
15 and 17 kHz. The spinning frequency was controlled to withih
Hz. The temperature was maintained betweeB5 and —26 °C
throughout the measurements, according to the readings on the
temperature controller. The actual sample temperature is spinning
frequency-dependent and is higher by &2d 15 for 15 and 17 kHz,
respectively. The magic angle was adjusted using Na({detecting
the 2Na MAS signal). The radio frequency field strength was 44.6
kHz (nonselective 90-degree pulse of a$), as calibrated using the
5/ signal from the neat VOGIliquid. A single 1.454s pulse (a 23
flip angle) was employed to excite the central and the satellite
transitions; 0.3-s recycle delays were used. The spectral widths were 1

iI}/IHZ, and 4096 complex data points were acquired for each FID. A
0

tal of 1.6 million or 1.5 million transients were added in the final
spectra acquired with the spinning frequencies of 15 kHz and 17 kHz,
respectively. Nutation spectfavere acquired with 50 000 transients
for each { point; a total of 11 points were acquired with the excitation
pulse length varied between 1.45 and 145

Data were processed by left shifting the spectrum to the first rotor
echo to suppress baseline distortions, followed by exponential apodiza-
tion, with linebroadening of 500 Hz. Isotropic chemical shifts were
reported with respect to the external reference, neat YOCI

5y Solid-State NMR Spectroscopy of Model Oxovanadium(V)
Complexes.5V solid-state NMR spectra of model oxovanadium(V)
complexes were acquired at 105.2 MHz (9.4 T) on a Tecmag Discovery
spectrometer usgna 4 mmDoty XC4 MAS probe. Spectra were
recorded using-540 mg of sample. For each of the compounds, spectra
at three different spinning speeds ranging between 10 and 17 kHz were
acquired. The spinning speed was controlled to withid Hz. The
magic angle was adjusted using NajN®@y detecting thé*Na MAS
signal). A single 1#s pulse {H1/27 ~ 80 kHz) was employed to excite
the central and the satellite transitions; 0.5-s recycle delays were used.
The spectral widths were 1.25 MHz. 4096 complex data points were
acquired. The data were processed by linear prediction of the first 66
points to suppress baseline distortions, followed by Fourier transforma-
tion and baseline correction. Isotropic chemical shifts are reported with
respect to neat VOglwhose®V spectrum was recorded and used as
an external referencing standard.

Numerical Simulations of the NMR Spectra.Numerical simula-
tions of the experiment&tV solid-state NMR single-pulse and nutation
spectra of the protein, acquired at 15 and 17 kHz, were performed using
SIMPSONZ28 under a Linux environment. The combined effect of the
quadrupolar interaction to second-order and chemical-shift anisotropy
was taken into account in the simulations. Nutation curves were
analyzed in IgorPro (Wavemetrics, Inc.), and the least-squares analysis
of the experimental and simulated curves was performed using a home
written program in Mathematica (Wolfram, Inc.). The seven indepen-

(39) Samoson, A.; Lippmaa, B. Magn. Reson1988 79 (2), 255-268.
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Chart 1. Schematic Representations of the Smallest Size VCPO Active Site Models Used in the DFT Calculations of the NMR
Spectroscopic Observables
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dent parameters describing the quadrupolar and CSA tensor anisotropiesn Gaussian03. The isotropic chemical shifts are calculated with respect
(Ca, 10, 94, andsy,) and the relative tensor orientations (the Euler angles to VOCI optimized at the same level of theory. The computed absolute
o, B, andy) were obtained by the least-squares fitting of the simulated shieldings for VOCG were—2317.24 and-2279.39 ppm for the TZV
and experimental sideband intensities using a program written in our and 6-31%#G basis sets, respectively. We note that, for completeness,
laboratory under the Mathematica (Wolfram, Inc.) environment. The we report the computed isotropic chemical shifts in the Supporting
guadrupolar and CSA tensor elements are defined in a spherical Information but do not use them in the data analysis as they rely on
harmonics basis set as described in the previous section (eqs 5 and 6)the accuracy of the minimized structure for the reference compound,
Quantum Mechanical Calculations of Electric Field Gradient and VOCIs. We focus instead solely on the tensorial anisotropic parameters
Magnetic Shielding Anisotropy Tensors.The density functional theory Ca, 170, 04, and,.
calculations of electric field gradient and nuclear magnetic shielding A set of 86 active site models of VCPO were addressed. These were
tensors were performed under Gaussiaf?03. examined earlier by Carlson, Pecoraro, De Gioia, and colleagues, who
Becke'’s three-parameter hybrid B3LYP functional was used for all investigated their energetic and structural parameters to determine the
calculations'! The calculations were conducted with three different basis most likely resting state coordination environment of VCPQhe
sets for small VCPO active site models. The TZV basig?satd nomenclature used in this work follows Carlson, Pecoraro, De Gioia,
effective core potentials for vanadium atoms were used for one set of and colleague¥ Specifically, the first part of the name corresponds
the calculations; in another set the 6-313 basis set was employed. o the charge of the vanadate clustarn, or ¢ to describe the anionic,
Full geometry optimizations were performed for the fifteen smallest neutral, or cationic species, respectively. A preceding number refers
models and compounds resulting in the energetically most stable to the charge of the system if different from one or zero (€gfor
structures, using the starting coordinates utilized by Carlson, Pecoraro,the +2 charge). The number following the letter corresponds to the
De Gioia, and colleagues and the same basis set utilized in their'tvork. - starting structure of the vanadate unit defined in Chart 1. If a superscript
For the V atom, the effective core potential basis set LanL2D% follows, it will designate each external hydrogen-bonding molecule
was modified to replace the two outermost p functions by a (41) split present in the structure. K, n, or ¢ refers to a potassium ion, a neutral
of the optimized 4p function (341/341/4T)For N and O atoms, the  hydrogen-bond donor, or positively charged hydrogen-bonding mol-
cc-pVDZ*® basis set was employed, and for H, D9%n all cases, the  ecule, respectively. If a particular species was reported to contain more
structures converged to the same geometries as reported in the abovéhan one local energy minimum it will additionally contain the subscript
work. Therefore, for the remaining models the minimized structures i, ii, iii, oriv, depending on the number of minima observed. The bound
obtained by these authors were employed without further geometry ligand (imidazole or ammonia) mimicking His-496 is designated as N.

optimization for calculations of the NMR parameters. In Chart 1, the schematic representations of the smallest size models
The nuclear magnetic shielding calculations were performed using are shown.

the gauge-including atomic orbitals (GIAO) meth8&as implemented

Results

(40) Frisch, M. J. et alGaussian 98revision A.X; Gaussian, Inc.: Pittsburgh,

PA, 2001. 51 i i
(41) Betke, A. D.J. Chem. Phys1993 98 (7). 5648-5652. _ V. NMR Spe(_:tra of Var!ad!um Chloroperoxidase. In
(42) Schafer, A.; Huber, C.; Ahlrichs, R. Chem. Phys1994 100(8), 5829~ Figure 2,5V magic angle spinning NMR spectra are demon-
(43) Dunning, T. H. J.; Hay, P. J. IModern Theoretical Chemistrychafer, strated fc_)r vanadium chloroperoxidase acquired with spinning

H. F. I., Ed.; Plenum Press: New York, 1976; Vol. 3, pp28. frequencies of 15 and 17 kHz.
(44) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82 (1), 270-283.
(45) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82 (1), 299-310.
(46) Wadt, W. R.; Hay, P. II. Chem. Phys1985 82 (1), 284-298. (49) Ditchfield, R.Mol. Phys.1974 27 (4), 789-807.
(47) Couty, M.; Hall, M. B.J. Comput. Cheni1996 17 (11), 1359-1370. (50) Wolinski, K.; Hinton, J. F.; Pulay, Rl. Am. Chem. S0d.99Q 112 (23),
(48) Woon, D. E.; Dunning, T. HJ. Chem. Phys1993 98 (2), 1358-1371. 8251-8260.
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Figure 2. 5V magic angle spinning NMR spectra of vanadium chloro-
peroxidase acquired at 14.1 T with the MAS spinning frequencies of (a)
15 kHz and (b) 17 kHz. The observed isotropic chemical shifZ0 ppm,

not corrected for the quadrupole-induced shift) is labeled with an asterisk
in each of the spectra. The inset is a vertical expansion of the 17 kHz spectra T T T T T T S
to illustrate that (weak) satellite transition spinning sidebands (guided with 2080 1560 1040 520 O  -520 -1040 -1560 -2080
green markers) extend to the entire spectral range, indicating a large 51V Chemical Shift (ppm)

guadrupolar coupling constant.
Figure 3. 14.1 T5W NMR spectra of (a) N&/Og; (b) bovine serum

The shape of the spinning sideband (ssb) manifold indicates albutin (85A), zﬁﬁ(gred as del)sgrig%‘_jbi” he Experimenta i?mf(“on' ©

. . . A . benzhydroxamatgN-(2-oxiphenyl)-5,6-dibenzosalicylideneamingoxo-
large Chem'?al shift anisotropy r§§ultlng in the asymmetrlc vanadium(V), and (d) vanadium chloroperoxidase. Spectra (b) and (d) were
central transition. The central transition sidebands dominate thecollected with 250000 scans under identical experimental conditions,

overall spectrum. However, careful examination of the 17 kHz _proces_sed with equne_ntial apodization a_nd line broaden_ing of 1 kHz. The
spectrum reveals that weak spinning sidebands correspondingSClroPic peaks are indicated by an asterisk, where applicable.
to the satellite transition span the entire spectral range (iIIustrated2 at fields of 17.6 T. We also note that it would be desirable to
in the inset to. Figure 2). This is.an. indicgtion of a large conduct the®V solid-state NMR experiments with hydrated
qcuqdrupolar anclisgtrlopy. Mor? cqnvmcmlg ?V'd?nﬂiz f'(\)/eraSIarge proteins prepared by controlled precipitation from poly(ethylene
q Is presented below. Qua |tat|\_/e_ analysis o glycol); this procedure typically results in conformationally
(17 kHz) spectrum .Of the model p|0|norgan_|c qomplex penzhy- homogeneous samples and narrow liié2.However, in this
droxamatofN-(2-oxiphenyl)-5,6-dibenzosalicylideneaminito gt sot of measurements testing the feasibility'sf SSNMR
oxovanag!um(x) (Flgu:e 3c) and ofd954 T sp;(r:?.tra of model in a protein we needed to ensure that the maximum possible
oxovanadium(V) comp exes reporte y us e suggests amount of sample could be placed in the rotor. Therefore, VCPO
that the quadrupolar coupling constant in the spectra of VCPO was prepared in lyophilized form
1S ﬁpbr?s_lderﬁblly Iarggeg th?g :\:at n tr;]e &(@(fpy"ﬂh) complgx Generally, we expect that conducting these experiments at
exhibiting the argestq o zinthe Series. However, due higher magnetic fields and higher MAS spinning frequencies
t‘? the large r.“agn'“,’de of qugdrupolar anisotropy and the limited will permit minimizing the amount of protein sample and/or
S|gr!a!-to-n0|se ratloz the smgle-'pulse spectra alon.e are nOtexperiment time thus expanding the range of vanadium proteins
sufficient for extracting the precise value Gf. As will be menable to studies BYV MAS NMR spectroscopy
described in the subsequent sections, analysis of the centrafl Verification of 5%V NMR Signal from the Protéin A
transition line shapes also was necessary, and the combinatior?“meer of control experiments were conducted in 6rder to
of these two meg;grements yielded the desired parametgr. unambiguously assign the observed signal to the vanadate bound
The total acquisition time for the spectra presented in Figure in the active site of the protein. In Figure 3, th®/ spectra
2 was b?.z _and |5'5 dgys, tq a(|:_|h|eve the highest fpracycallly shown were acquired for the following samples, to eliminate
attainable signal-to-noise ratio. However, spectra of a signal- y,o possibility that the signal might be arising from the unbound
to-noise ratio adequate for subsequent numerical S'mUIat'onsvanadate species: (a) NED,, (b) bovine serum albumin (BSA)
have been collected within 20.8 h (Figure 3d), suggesting that (200 mg/mL in 25 mM tris acetate buffer, pH 8.3) incubated

detection pf the qug-llved mtermedlate species of vanadium overnight in a final concentration of 19 NagV/Oy, followed
haloperoxidases might be feasible at low temperatures. Fur-

thermore, based on our experience with the magnetic field (51) Marulanda, D.; Tasayco, M. L.; Cataldi, M.; Arriaran, V.; Polenova).T.

i i Phys. Chem. 2005 109 (38), 18135-18145.
dependence of thé*C multidimensional NMR spectra of (52) Marulanda, D.; Tasayco, M. L.; McDermott, A.; Cataldi, M.; Arriaran, V.;

proteing® we anticipate a gain in sensitivity close to a factor of Polenova, T.J. Am. Chem. So@004 126 (50), 16608-16620.
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by dialysis and lyophilization in the same manner as that
described for the VCPO, (c) model compound benzhydroxa- (a)
mato{ N-(2-oxiphenyl)-5,6-dibenzosalicylideneamingiaxova-
nadium(V), and (d) vanadium chloroperoxidase.

The spectrum of N&/ Oy illustrating the unbound vanadate
species does not exhibit any significant chemical shift an- d
isotropy, and the isotropic chemical shift 6/544 ppm does

not correspond to any of the sidebands identified in the protein
spectra. As expected, BSA does not produce any detectable (b)
signal, suggesting that any free or nonspecifically bound
vanadate would be removed during the dialysis step of purifica- J“
tion. On the other hand, the spectra of the model bioinorganic U
compound benzhydroxamafdd-(2-oxiphenyl)-5,6-dibenzosali- MMMMMMM '
cylideneaminatp-oxovanadium(V) exhibit an asymmetric line-
shape characteristic of a large chemical shift anisotropy, in (c)
agreement with the 9.4 T spectra reported previously for this
compound-® Furthermore, the spinning sideband envelope spans

over 4000 ppm, and the relative spinning sideband intensities ULI
of the satellite transitions are stronger than those in the T J J I

corresponding VCPO spectrum (Figure 2b). As the quadrupolar 1636 — -520 -1598

coupling constant for this compound is 3.9 MHaye conclude 31V Chemical Shift (ppm)

that the quadrupolar interaction in the protein must be much Figure 4. 5%V MAS (17 kHz) NMR spectra of vanadium chloroperoxi-
stronger. Additionally, the broader central transition in VCPO dase: (&) experimental and (b and c) simulated in SIMPSON using the
indicates that the chemical shift anisotropy is more substantial best fit parametersCo = 10.5 MH2, 17 = 0.55,0, = ~520 ppm., =

. . - ~ 0.4. The isotropic shift corrected for the second-order quadrupolar-induced
than that in the model complex, as described in more detail shift is —507.5 ppm. In the simulated spectrum (c), the magic angle mis-
below. set by 0.2 was taken into account. The inset is an overlay of the

experimental and simulated central transition spinning sidebands, to
demonstrate the quality of the fit.

*

—

Numerical Simulations of 5V Spectra. The difference of
many orders of magnitude in the quadrupolar and chemical shift
anisotropiesiy > Hesa > HE) ensures efficient separation  transition, which is not in any agreement with the experimental
of variables corresponding to these two interactions. As was data. Furthermore, the experiment&/ MAS spectra of the
demonstrated by several previous reports from our and othermodel compound benzhydroxaméthi-(2-oxiphenyl)-5,6-
laboratorieg$1922:23.31.323the seven parameters describing the ' dibenzosalicylideneamingteoxovanadium(V) withCo = 3.9
two tensors and their mutual orientations can be readily extractedMHz® (Figure 3c) exhibit very strong satellite transition
by numerical simulations of the full spinning sideband manifold. sidebands. We therefore conclude that the quadrupolar coupling

In the case of vanadium chloroperoxidase, the large size of constant in VCPO must be significantly larger than 4 MHz.
the quadrupolar interaction results in relatively weak spinning  The values ofCq and#q can in principle be deduced from
sideband intensities spread over the entire spectral range, andhutation spectr& Toward that end a nutation curve consisting
with the currently attainable sensitivity of the experiments, of 11 points was obtained by signal averaging over a two day
determination of the exact value of tlg from the single pulse period, and the result (not shown here) was compared with a
spectra alone is not feasible. On the other hand, due to theseries of theoretical spectra calculated with SIMPSON. Unfor-
natural separation of variables in the spectra, the CSA tensortunately, the poor signal-to-noise ratio did not allow a meaning-
elements can be readily determined from simulating the spinning ful analysis of the data. The experimental and calculated nutation
sideband envelope of the central transition. Numerical SIMP- profiles are documented in the Supporting Information.

SON simulations for both MAS spinning frequencies (15 and  To estimateCq, we have performed the analysis of lineshapes
17 kHz) yield excellent agreement of the CSA parameters, and and linewidths of the individual spinning sidebands of the central
the best fit values aré, = —520+ 13 ppm andj, = 0.4 + transition. Figure 5 illustrates the ssb linewidths as a function
0.05. In Figure 4, the experimental and best-fit simulated spectraof Cq. Expansions of the overlaid experimental and simulated
are demonstrated for the MAS frequency of 17 kHz. The inset spectra shown on the right demonstrate that good agreement
displaying an overlaid experimental and simulated spectrum between these is only reached wi@&is in the range between
illustrates the high quality of the fit. It is also worth noting that 9 and 13 MHz. However, it is conceivable that an inhomoge-
good agreement between the experimental and the simulatecheous distribution of the isotropic shift due to possible confor-
central transition spectra is achieved regardless of the quadru-mational heterogeneity in the protein sample is present. This
polar coupling constant used in the simulation, in the ranges may introduce additional linebroadening to the experimental
Co < 1 and 4 MHz < Cq < 13 MHz, attesting to the  spectra, resulting in an overestimaitgg.

independence of the spectral parameters corresponding to To assess the contribution of the inhomogeneous line
quadrupolar and the CSA interactions. As described below, broadening to the total linewidths, we examined the lineshapes
whenCq > 13 MHz, the second-order linebroadening is much in the spectra of the following model compounds, addressed in
larger than that in the experimental spectra. When 1 MHz  our recent work: benzhydroxamafdl-(2-oxiphenyl)-5,6-diben-

Cq < 4 MHz, the intensities of the satellite-transition spinning zosalicylideneaminajeoxovanadium(V) (SJZ0032), 3-oxifla-
sidebands are comparable in magnitude with those of the centralvone{3-methoxisalicylidenex-(oxibenzylidenehydrazonaio)
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(a) 8 MHz
(a) Experiment
(b) 1 MHz (b) 8 MH
r4
(c) 3 MHz
(c) 10 MHz
(d) 5 MHz
(e) 7 MHz (d) 11 MHz
(09 Mz (e) 12 MHz
(g) 10 MHz
(f) 13 MHz
ﬁkJL\J (h) 11 MHz
(i) 13 MHz
(g) 14 MHz
(j) 15 MHz
(h) 15 MHz
(k) 17 MHz
AL L
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Figure 5. Spinning sideband envelope profiles (left) and sideband lineshapes (right) of the central tran§iohdrkHz MAS spectra for different values

of Cq. On the left, (a) is the experimental VCPO spectrum, while-(k) are simulated spectra for th&, values in the range-117 MHz. On the right,
expansions of the experimental spectrum are overlaid with the simulated spedadbB—15 MHz to illustrate the range of possible experime@gls.
Experimental and simulated FIDs were multiplied by an exponential function (linebroadening of 1.5 kHz) prior to the Fourier transformatiomt Note th
reasonable agreement between the experimental and simulated lineshapes is reacheg iwfrethe range 913 MHz.

oxovanadium(V) (SJZ0060), benzhydroxamato-(3-methloexi-  solids exhibit long-range order and inhomogeneous linebroad-
hydroxybenzylidenehydrazonato)-oxovanadium(V) (SJZ0068), ening is consequently not anticipated, the observed and simu-
(oxo)bis[oxobis(8-quinolinolato) vanadium(V)] (HS001), am- lated lineshapes are in close agreement.
monium oxoperoxo(pyridine-2,6-dicarboxylato)vanadate(V) hy-  In Figure 7, the experimental and simulated lineshapes are
drate (HS003), salicylaldehyde-[(benzylmercapto)-thiocarbonyl]- demonstrated for the amorphous model complex SJZ0032, at
hydrazone (Sal50Et), and acetylpyridine-(isonicotinic acid two different field strengths: 14.1 and 9.4 T. In contrast to the
hydrazide)-dioxovanadium(V) ([V&acpy-inh)])*® For these polycrystalline compounds, the experimental spectra for this
complexes, the quadrupolar and chemical shift tensor elementscomplex have broader lines than expected based dBgitsf
have been previously determined, adglvalues range between 3.9 MHz, due to the inhomogeneous linebroadening and perhaps
3.65 and 7.00 MH2? Furthermore, SJZ0032 is an amorphous to the presence of additional species. The experimental line-
compound, while the remaining six complexes are polycrystal- widths at half-maximum are 1.15 kHz (10.9 and 7.7 ppm at 9.4
line. and 14.1 T, respectively), while the expected linewidths for a
In Figure 6, the experimental (9.4 T) and simulated (9.4 and Cq of 3.9 MHz andiyq = 0.77 are 0.9 and 0.7 kHz (7.7 and 4.4
14.1 T) lineshapes are illustrated for the six polycrystalline ppm), respectively. Therefore, the inhomogeneous line broaden-
compounds SJZ0060, SJZ0068, HS001, HS003, Sal50Et, andng is estimated to be ca. 3-3.3 ppm and, as expected, is
[VO2(acpy-inh)]. The simulated and experimental lines are in magnetic-field-independent. The extra broadenings in the lower
very good agreement, indicating that when oxovanadium (V) portions of the peaks are about 25 and 9 ppm, respectively.
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Figure 6. Experimental and simulated lineshapes of the central transition spinning sidebands for polycrystalline model oxovanadium(V) solids: (a) SJZ0060
(Cq =5.10 MHz,570 = 0.60), (b) SJZ0068G, = 3.65 MHz,5q = 0.22), (c) HS001Cq = 5.67 MHz,17q = 0.45), (d) HS003Cq = 6.23 MHz,170 = 0.20),
(e) Sal50Et Cq = 4.35 MHz,77¢ = 0.00), and (f) [VO2 (acpy-inh)]Gq = 7.00 MHz, o = 0.25). For each compound, the bottom spectra represent the

experimental (black) and the simulated (blue) spectra at 9.4 T. The top spectrum (green) is a simulated spectrum at 14.1 T (experimental data are not
available).

Table 1. Calculated 'V Linewidths for the Isotropic Spinning Based on the above independent pieces of information we
Sideband for Different Values of Co conclude that ¢ = 10.5+ 1.5 MHz, andyo = 0.55+ 0.15.

Co, MHz finewidth, ppm With these quadrupolar anisotropy tensor parameters, we
8 13.6 repeated the calculations of the single pulse spectra. The best
1% 12‘% fits of the ssb intensities were obtained witg = 0.65 (Figure
11 21.6 4). However, reasonable agreement with the experimental data
12 24 is reached for the range gf values between 0.4 and 0.9.
1431 g;:i It is also worth noting that the spinning sideband intensities
15 36.6 of the outer satellite transitions in the experimental spectrum

are weaker than expected foiCg of 10.5 MHz. We attribute
The discrepancy between these two numbers indicates that thighis to the inevitable errors in the magic angle settings arising
broadening does not originate in isotropic shift broadening. We because of long experiment times and high MAS frequencies.
believe that this broadening is due to the effect of magic-angle In fact, these errors are readily estimated by numerical simula-
mis-setting on the satellite sidebands, as discussed below. tions in SIMPSON, and in our case range betweer? @rid
Comparison of the structures of model complexes and VCPO 0.2°. In Figure 4c simulated spectra with the magic angle mis-
active site strongly suggests that the inhomogeneous linebroad-set by 0.2 illustrate the attenuated satellite transition spinning
ening in VCPO does not exceed that of SJZ0032. The sideband intensities.
experimental linewidth in the protein spectra is 24 ppm. Taking  Density Functional Theory Calculations of NMR Spec-
into account the possible inhomogeneous linebroadening, wetroscopic Observables. To understand the structural and
estimate the homogeneous linewidth to be ca-2Dppm. This electronic properties of the vanadium center giving rise to the
corresponds to &g value of 11 MHz (Table 1), and even if  experimental NMR observables, we computed the NMR pa-
we allow for an inhomogeneity broadening between 0 and 8 rameters for an extensive series of 86 VCPO active site models,
ppm, we can entirely rule outq below 9 or above 13 MHz. using density functional theory. These complexes are related
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Figure 7. Experimental (black) and simulated (colored) lineshapes of the central transition spinning sidebands for amorphous model oxovanadium(V)
compound SJZ00323, = 3.90 MHz,5q = 0.77). The left set of spectra{@) are for the magnetic field of 14.1 T, and the right set (speetjp for 9.4

T. The spectra were simulated assuming different valu&xofinging between 1.9 and 9.9 MHz as specified in the figure. The apparent linewidth is larger
than that expected for @g of 3.9 MHz due to the inhomogeneous linebroadening.

to the resting state of VCPO and model the different possible as the most likely resting state configuration of the vanadate
coordination environments and protonation states of the vana-cofactor representing the lowest energy structures in the DFT
dium center in the protein. As was already mentioned, these calculations of active site complexes as well as in the QM/MM
models were addressed previously by Carlson, Pecoraro, Decalculations of a large VCPO modgi’
Gioia, and colleagues, who investigated their energetic and Interestingly, the identity of the hydrogen bonding partners
structural parameters to determine the most likely coordination or inclusion of extended models of the active-site residues had
environment of the resting state of VCPO. a relatively minor impact on the quadrupolar coupling constant,
We employed two different extended basis sets TZV and which varied between 9.2 and 12.8 MHz. Note that the
6-311+G in calculations of the NMR spectroscopic observables. experimentally determine@q spans essentially the same range
The results of the calculations with both sets are generally in (10.5+ 1.5 MHz) as the theoretically predicted constants. On
good agreement, as we have previously observed for bioinor-the other hand, the asymmetry parameter of the quadrupolar
ganic oxovanadium(V) complexé¥The complete summary of  tensor,7q, was sensitive to the specific environment of the
the calculations for all models is presented in Table 1s of the parent anionic vanadate and varied from 0.083f to 0.89 in

Supporting Information. a3ec, The most extended moded8"c anda3"¢ displayed the

In Table 2, the computed NMR parameters are presented forlargest 7o values. The experimental results sugggst =
the smallest structure241, 2akk, al-a4 n1-n5, andcl-c6, 0.55+ 0.15, and the calculations for the extended models are
for the complexes where calculated observables agree within reasonable agreement with the experiment. The Euler angles
experimental resultsa@—ji, a3™, a3, a3™¢, c5"_j, cOi—i, o, 5, andy describing the relative orientations of the quadrupolar
n2"i—v), and for models proposed to be the plausible resting and CSA tensors also displayed significant variations in the
state structures based on their low energid§ (i, n3"—ii, N3"", presence of additional ligands. With one except@8ncg, the

n5%_i, N5"_ji, N5"¢, N5"";). We consider that calculations are calculations predicted a negative sign for the quadrupolar
in reasonable agreement with experiment only when the coupling constant. However, only the magnitude @§ is
magnitudes of both quadrupolar and CSA tensors §0d0d,) determined in the NMR experiments, and therefore we cannot
are within 15-20% of the experimentally determined values. rule out any of the models based on the computed sign of the
Remarkably, only a very limited set of models yield computed quadrupolar coupling constant. The experimental and compu-
NMR parameters in agreement with the experimental NMR tational results indicate that the current precision of the
results: a3, a3, a3™, a3, a3mc, c5_ji, c6—ii, N2 _y. experimentally determined quadrupolar tensor is such that we
Furthermore, the majority (seven) of these represent an anioniccannot yet probe the nature of the ligands beyond the first
vanadate cofactor with an axial hydroxo ligand, one hydroxo-, coordination sphere. Higher sensitivity will be required to
and two oxo- groups in the equatorial plane (the parent structureovercome the current limitations.
al). This set of complexes with the pareaB structure was Somewhat surprisingly, we found that three complexes with
also identified by Carlson, Pecoraro, De Gioia, and colleaguesthe overall neutral vanadate cofactid; -, yielded computed
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Table 2. Calculated NMR Parameters for Vanadium Complexes — VCPO Active Site Models?

Euler angles
Ca(MHz) | ma | 8 (ppm) | m. « | B | v
Basic structures
2af P 4.31 0477 | 263289 | 0.0982 244 4.20 498
2- O
c|}
Ho—\l.u:.‘,g
N
2akk : 188 0264 | 429768 | 0.131 273 160 212
o To 211 0203 | 442254 | 0.129 2.6 175 150
?H
.0
K, O_Y'--.O
N
74
N—
at 4.31 0.477 | 263289 | 0.0982 244 420 498
"o 1- I 5.77 0456 | -261654 | 0.0950 243 420 50.4
| .om :
O_T“‘HOH
! A
a2 186 0134 | -129.980 | 0.0131 606 0.736 480
- 1 212 0.146 | 132787 | 0.0277 15.0 0.703 115
o - °
HO—\|/""'O
2 |"“-o <
N
a3 972 0352 | 572892 | 0.135 3.40 1.84 477
C oo 1" 113 0.438 | 568340 | 0.144 2.58 1.89 475
HO—\IM..:g _
| :
a4 75 0124 | 161580 | 0.0646 148 0.00179 374
- 1- 200 0137 | -163383 | 0.0886 238 0.00169 -56.1
i
o—\ru:;;g
N
ol 5.97 0483 | 440446 | 0247 84.3 124 326
S 1+ 7.04 0309 | 430348 | 0.253 826 12.1 339
| .on
Hzo_\f"“OH
N
2 4.0 0391 | 736727 | o0.197 90.0 245 -90.0
S 1+ 16.4 0513 | -730.405 | 0.147 -90.0 2.46 89.9
| .0
H,0 ‘|"“~0H2
N
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Table 2 (Continued)

Euler angles
Ca(MHz) | ma | 8 (ppm) | m. « | B | v
Basic structures
c3 _ 3.45 0990 | 401289 | 0.163 473 103 791
coon ™ 3.99 0989 | 404214 | 0.166 452 102 784
ol
N
o4 7.08 0164 | 489605 | 0177 233 558 7586
SR [ 8.20 0257 | 480613 | 04179 230 5.60 76.5
.0
H,0 Y""""OH
N
o5 116 0916 | 647871 | 0.50 85.3 156 86.1
- 1+ 437 0748 | -638.367 | 0.191 85.3 15.3 85.9
I
. OH
© \I"“"‘-OH
N
o6 9.59 0078 | 626602 | 0338 817 0.00726 80.4
- 1+ 12.0 0872 | 628727 | 0312 823 0.00744 81.0
T
Hzo—\lz:.:;g
N
n 227 0636 | -207.775 | 0.0485 .21 2.56 0.0338
0 2.34 0991 | -202206 | 0.0458 1.26 2.89 0.166
HO \|;~.._8:
N
n2 115 0323 | 310022 | 0208 211 2.90 65.0
? 135 0386 | -305505 | 0.198 213 2.97 66.5
)
H,0 ‘|"‘*~0H
N
n3 5.03 0650 | 454623 | 0216 69.1 6.18 258
OH 6.03 0541 | -449705 | 0226 68.7 6.07 276
| . OH
°© ‘|"“-0H
N
n5 475 0105 | 59633 | 0.128 829 394 89.4
c|)|-|2 20.1 00332 | -596.146 | 0.156 81.1 3.93 89.9
.0
© ‘|"‘*-0H
N
Extended structures
a3ni_oside 9.20 0238 | 539316 | 0452 63.7 2.91 7.0
108 0.319 | -535.455 | 0.165 65.2 2.89 7.3
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Table 2 (Continued)

Euler angles
Ca(MHz) | ma | 8 (ppm) | m. « | B | v
Extended structures
a3nii_ohside -9.90 0.192 -584.686 0.157 227 14.2 -29.9
? 1- 116 0.272 -582.857 0.166 229 13.8 -29.9
H
Ho—\rf;::.‘,g NH,
NH,
a3nii_oside -9.89 0.257 -562.091 0.137 80.2 5.26 -49.3
?H 1- S‘*J 114 0.342 -557.283 0.154 83.3 5.21 -49.7
Ho—\rf;::'.g NH,
NH, L3
a3nn “11.4 0.0797 | -563.858 0.181 776 3.64 59.3
1- )\x\ 3.1 0.164 -567.389 0.204 75.4 3.66 56.7
?H ;
HO—\r"-‘-':.g &y--'wL* B
N \&
¢
—
(CH,NH,)(CNH,NH,NH)
a3ncc 11.3 0.834 -422.846 0.279 -88.3 8.00 64.8
i *L{ 12.7 0.892 -426.550 0.320 -85.0 8.1 -70.5
Ho—T:'.';g L
M.
¢
=
(NH,J(CINH, ), 1,{H,0)
{CH,NHCOCH,CH,0H)
a3nnc 9.23 0.816 -434.907 0.266 -8.06 5.21 23.2
on -10.8 0.725 -439.195 0.307 -12.9 5.78 25.9
..... Q
HO— ~0
!
¢
=
(NH.}C(NH,),)(CINH,)NH)
{H,O)CHNHCOCH,CH,OH)
c5ni_eq 124 0.788 -526.775 0.146 68.6 125 54.7
_ 1+ 14.2 0.635 -516.716 0.129 72,0 121 535
H2 I
.mOH -
0—VY=gy NH, \K -}t
NH, o
c5nii_eq 10.8 0.917 -590.916 0.113 -68.6 9.10 60.2
_ 14 122 0.895 -583.478 0.148 68.5 9.14 60.3
OH, -
.OH
O—Y=~op| s
NH, T
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Table 2 (Continued)

Euler angles
Ca(MHz) | ma | 8 (ppm) | m. « | B | v
Extended structures
c6ni_eq 8.80 0.877 | -578.253 | 0.317 48.7 0.0543 496
- e 1.0 0.783 | -576.429 | 0.294 -48.2 0.0544 495
OH,
H,0— :‘.‘.‘.‘.g NH,
NH, ' ﬁ
cénii_eq 9.18 0.862 | -593.790 | 0.351 331 187 -39.4
- Lo 15 0.773 | -594.861 0.331 326 18.9 -38.2
2
HO0—v2d | NH,
NH, .
L _ ”
n2niii_eq_oxo_H20 -9.26 0637 | -516927 | 0.260 10.8 10.6 8.35
. { 1.0 0716 | -518110 | 0.250 11.4 10.7 7.45
\V
A
n2niv_ax_oxo_H20 -9.05 0682 | -526400 | 0279 417 16.5 72
.,.L -10.8 0.768 | -525526 | 0.269 420 16.4 7.1
n2niv_eq_oxo_H20 -9.05 0682 | -526400 | 0.279 a7 165 72
-108 0.768 | -525526 | 0.269 420 16.4 7.1
n2nv_ax_OH_H20 -9.03 0633 | -541.100 | 0270 344 16.5 -20.7
-10.8 0.725 | -540.751 0.259 347 16.4 210
n3cii_eq 6.49 0933 | -616.787 | 00377 6.23 16.2 -18.1
7.15 0939 | -615681 | 00365 555 159 7.9
<
n3ci 484 0671 | -544575 | 0.166 355 19 182
5.84 0447 | -534014 | 04177 35.9 15 78
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Table 2 (Continued)

Euler angles
Ca(MHz) | ma | 8 (ppm) | m. « | B | v
Extended structures
n3ni_ax_OH_don_oxo -4.04 0.700 -429.222 0.230 -0.000426 7.61 0.0111
-4.66 0.992 -425.833 0.233 -0.000667 7.59 0.0104
n3nii_eq_oxo_noHbo -5.86 0.736 -394.175 0.226 -15.6 3N 70.6
ndax
-7.05 0616 | -392.024 0.242 -16.5 3.02 67.1
R
n3niiiAX -6.87 0.159 -544.840 0.240 46.3 8.27 23.7
-8.16 0.305 | -541.677 0.253 455 8.07 21.7
n3niiEQ -6.83 0.162 -544.371 0.238 46.2 8.10 234
-8.12 0.300 -541.616 0.252 453 7.9 -21.3
n3nii -5.86 0.736 -394.175 0.226 -15.6 3.1 70.6
-7.05 0.616 -392.024 0.242 -16.5 3.02 67.1
n3ni -4.04 0700 | -429.222 0.230 -0.000426 7.61 0.0111
-4.66 0.992 -425.833 0.233 -0.000667 7.59 0.0104
n3niv_ax -4.66 0.467 -506.153 0.143 -12.1 1.1 20.0
-5.45 0.723 -503.444 0.149 -11.3 11.0 19.4
n3niv_eq_ax -4.66 0.466 | -505.899 0.143 -12.1 111 20.0
-5.45 0.722 -503.206 0.149 -11.3 11.0 19.4
n3nv_ax -5.32 0197 | -574.770 0.148 -30.4 18.0 21.8
a 4*& -6.29 0.0809 -567.420 0.161 -30.1 17.7 21.3
o]
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Table 2 (Continued)

Euler angles
Ca(MHz) | ma | 8 (ppm) | m. « | B | v
Extended structures
n3nvi_eq _ -4.19 0.219 | -586.402 0.108 -2.02 15.5 0.928
-4.96 0.132 -583.359 0.113 -1.98 15.4 0.862
n3nvii_eq -4.17 0.165 | -596.984 0.0906 454 16.8 -35.0
-4.91 0.147 | -592.418 0.0994 45.3 16.6 -34.8
n3nn . -8.52 0325 | -482.173 0.185 -72.0 7.96 -81.3
\ -9.89 0.227 -475.079 0.214 -73.1 7.84 -77.8
n5cii_eq -13.8 0.268 | -738.852 0.272 86.9 6.40 52.9
. -16.3 0.348 | -736.719 0.315 87.4 6.25 522
i
n5ci o -13.6 0.836 632.339 0.226 17.7 104 -30.0
h -16.0 0.736 656.449 0.213 16.3 10.2 -30.0
® o A“' 2
> .
n5ni_ax . -15.7 0.184 | -612.430 0.145 -35.1 13.8 445
-18.1 0.0987 -609.799 0.186 -34.3 13.7 44.1
*:o.
n5ni_eq s -16.7 0.185 -612.293 0.145 -34.8 136 446
-18.1 0.0998 | -609.646 0.186 -34.0 13.5 44.1
n5nii_ax -15.1 0.166 | -658.129 0.0772 454 19.2 -47.1
£ -17.5 0.147 | -656.860 0.122 44.8 19.0 -46.6
K
[
n5niii_eq : -17.0 0.0741 | -613.937 0.126 -35.2 16.9 35.7
-19.5 0.0119 | -614.329 0.151 -34.8 16.8 35.1
n\}-\_ }
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Table 2 (Continued)

Euler angles
Ca(MHz) | ma | 8 (ppm) | m. « | B | v
Extended structures
n5nii -16.9 0220 | -512.714 0.152 -5.54 3.81 446
I o -19.1 0.162 -508.055 0.190 -6.03 3.74 49.9
T
n5nc -16.2 0.386 | -410.733 0.220 -49.8 6.07 -67.1
)_\: -18.3 0.340 | -408.878 0.252 -50.1 6.19 -66.5
e
n5nnii -16.5 0217 | -508.721 0.158 7.7 11.2 20.2
1 -18.7 0.192 -508.122 0.196 -9.31 1.2 23.0
J.::’.:'f'
&S
adn -16.8 0.164 | -174.361 0.0387 -35.7 0.0730 61.2
o -19.3 0.180 | -174.808 0.0649 -48.3 0.0727 72.0
T R

@ Highlighted in bold are the structures for which the experimental and com@#eehdd, are in agreement. The top entries in each row are calculated
with the TZV basis set, the bottom, with 6-3tG. The chemical structures of model compounds are shown in ball-and-stick representation. V atoms are
small gray spheres; C, larger gray spheres; O, red; H, white; N, bluéos, purple. Schematic representations are shown for the basic structures as well
as for a3-, c5-, and c6-type structures whose calculated NMR parameters are in agreement with those experimentally determined.

NMR parameters in agreement with the experimental data. hybrid between thea3- and a4-type geometries (the latter
However, none of these structures are biologically relevant as containing an axial water ligand and three equatorial oxo
vanadate is not in the trigonal bipyramidal geometry. Therefore, groups). In the small active site models etype structures
we conclude that these complexes do not represent meaningfulare unstable resulting in the dissociation of the axial aqua-

resting state geometries. ligand, and therefore the calculations of the NMR parameters
Interestingly, calculated NMR parameters for an additional are meaningless. Much larger models are necessary to investigate
two models with overall cationic vanadaeg"_i; andc6"—;, whether the NMR observables for that geometry would resemble

are in agreement with the experimental results. These structureshe experimental result; this work is computationally demanding
were considered biologically relevant but improbable due to their and will be reported in a separate study.
higher energies compared with the lower-energy overall neutral It is also important to note that contrary to the anisotropic
species? We speculate that, in VCPO, these geometries might tensorial quantities, the computetV isotropic chemical shifts
be stabilized by the protein; however, at pH 8.0 it does not seem (Table 1s of the Supporting Information) do not exhibit any
very likely that two equatorial oxygen atoms would be proto- meaningful trends as a function of the coordination environment
nated as those icb-type structures. Additional work is necessary of the vanadate cofactor. This is not unexpected because
to address these questions. isotropic chemical shifts are a complex function of the environ-
Our calculations additionally permitted us to rule out itt3e ment. It was also evident from our DFT calculations of isotropic
andn5-type structures as the plausible resting state geometries.shifts in model compounds which correlated poorly with the
It was proposed that if the vanadate were neutral, it would likely observed shifts. No meaningful chemical information about the
oscillate between these two structuté$iowever, of the 11 metal environment in VCPO can therefore be extracted from
n3-type and 15-type complexes, only InB"") showed any the isotropic shifts alone. This reinforces the importance of
agreement with the experiment (Table 2). Both equatorial determination of complete quadrupolar and chemical shift
oxygens are protonated in this complex, and we speculate thatanisotropies by solid-state NMR.
at pH 8.0 this would be very unlikely.
An additional intriguing hypothesis has been put forth by
Carlson, Pecoraro, and Kravitbased on the QM/MM calcula- The catalytic mechanism of vanadium-containing haloper-
tions of the extended VCPO models: that the resting state is aoxidases has been addressed by numerous experimental and,

Discussion
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very recently, computational investigatiomns;10.11,14-17,38,53-63 The sensitivity of the 14.1 71V SSNMR experiments with
A wealth of crucial information about many aspects of function the current setup is such that we can extract the quadrupolar
of these enzymes has been gained from these studies. Howevetensor elements with the precision of ca. 15%, which is
an experimental atomic-level picture of the coordination envi- somewhat lower than that in the bioinorganic model complexes
ronment of the vanadate cofactor ultimately reporting on the (7—15%). On the other hand, the CSA tensor elements are
catalytic activity has been unavailable until the current work, determined with the same precision as that in the model
due to the limited resolution of the X-ray structures and lack of compounds, due to the very high signal-to-noise ratio of the
direct spectroscopic probes of the active vanadium(V) state. In central transition region in the MAS spectra. Overall, this is
this report, we establish that a combination of experimental sufficient for gaining indispensable chemical information: in
solid-state MAS NMR spectroscopy and quantum mechanical conjunction with the quantum mechanical DFT calculatiGhg,
DFT calculations of the spectroscopic observables yield im- solid-state NMR measurements define the protonation states of
portant insight regarding the coordination geometry of the the ligands in the vanadate cofactor; this information is not
vanadate in VCPO. Our results indicate that the most probableavailable from X-ray diffraction or other experimental ap-
resting state of the protein under our experimental conditions proaches. It will be of interest soon to establish whether with
involves an anionic vanadate cofactor with the axial hydroxo the current approach the nature of the unprotonated oxygens
ligand, while one hydroxo and two oxo groups are present in could be established (i.e., doubly bondeg® group could be
the equatorial plane. This is in remarkable agreement with the distinguished from the oxo group—O~); additional experi-
DFT and QM/MM studies by Carlson, Pecoraro, and col- mental and computational work will be required to address this
leagues*1” However, two cationic geometries with the parent question.
structurex5 andc6 might be feasible in which the axial ligand 5V has to date found very limited use as a spectroscopic
is either hydroxo or aqua, while the equatorial plane contains NMR probe of biological systems. In solution, it has been
either one hydroxo and two oxo groups or one aqua and two utilized to study metal ion binding to human apo-transf&i
hydroxo groups, respectively. These were considered improbableand to probe vanadium binding to VBP®However, only
based on the energetic considerations, but whether they couldsotropic chemical shifts are measured by solution NMR,
be stabilized by the protein environment remains to be ad- limiting the information content of the spectra. It is clear from
dressed. Exploring the intriguing possibility of the hybrid resting  this study that, in order to gain atomic-level chemical informa-
state oscillating between tta8 anda4 structure¥’ entails high- tion, knowledge of both quadrupolar and chemical shift tensors
level QM/MM calculations of NMR observables using extended (rather than a single isotropic chemical shift value) is required.
active site models. These two anisotropic interactions report on different, comple-
Our results highlight the fact that quadrupolar interaction is mentary aspects of the electronic and geometric structure. Prior
typically dominated by the electronic charges withirn3 A to our work, no reports have appeared®® solid-state NMR
from the nucleus, and therefore DFT calculations of the EFG spectroscopy in biological systems, despite the favorable NMR
tensor even for small active site models accurately predict the properties of the vanadium nucleus. The results reported in this
magnitude of the quadrupolar interaction. A protein environment manuscript establisttV SSNMR spectroscopy as a direct and
is very important for providing long-range electrostatic interac- sensitive probe of the electronic and geometric structure of
tions!” and we hypothesize that its main role might be in forcing vanadium sites in proteins.
a particular set of protonation states on the vanadate oxygens. )
Solid-state NMR spectroscopy is a direct and sensitive probe Conclusions
of these protonation states in VCPO, as demonstrated in this We have presented the first examplé®f solid-state NMR
work. We note that in a number of inorganic systems in solution spectroscopy in a protein, a 67.5-kDa vanadium chloroperoxi-
the isotropic5?V NMR chemical shifts were found to be dase. The anisotropic NMR observables extracted from the
sensitive to the protonation states of the oxo functions directly numerical analysis of the spinning sideband manifold spanning
attached to vanadium, as has been reported previétsfy. the central and satellite transitions as well as from the central
transition lineshape analysis provide the first direct experimental
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probe of the detailed coordination environment of the vanadate
cofactor in the resting state of the protein. Quantum mechanical
DFT calculations of the NMR parameters for an extensive series
of VCPO active site models indicate that the vanadate cofactor
is most likely anionic with one axial hydroxo ligand, one
equatorial hydroxo-, and two equatorial oxo- groups. A com-
bination of experimental solid-state NMR and quantum me-
chanical calculations thus offers a powerful strategy for analysis
of a vanadium center in vanadium haloperoxidases. Our
approach is expected to contribute to the fundamental under-
standing of the relationships between the electrostatic environ-
ment of the vanadium center and the catalytic activity in this
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