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Abstract

The ability to determine the ligand environment around vanadium(IV), usually as the vanadyl ion (VO? "), has become crucial
to the understanding of many biological systems. In addition to those systems in which vanadium naturally occurs, the vanadyl
ion has found favor as a spectroscopic probe in place of spectroscopically silent cations, EPR, ESEEM, and ENDOR
spectroscopies are the tools of choice for examining these paramagnetic systems. A variety of model complex studies allow good
comparisons to be made to known vanadium environments. The complimentary nature of the strengths and weaknesses of these
techniques can combine to give an accurate picture of the metal ligation in a number of cases herein. © 2002 Published by Elsevier
Science B.V.
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1. Introduction

The study of the chemistry of vanadium has been
driven by its presence in biological systems. Although,
vanadium’s existence in ascidians was discovered in
1911 by Henze [1], the vast majority of work has
occurred more recently. Vanadium is now known to
occur naturally in mushrooms as well, and is required
as an essential cofactor in certain haloperoxidases and
nitrogenases [2]. While vanadium is suspected to be an
essential trace element for humans [3], as vanandate, it
is known to affect phosphate metabolism and various
forms of vanadium have proven to have insulin-
mimetic effects [4]. The ability to substitute vanadyl ion
for spectroscopically silent divalent cations, such as
Mg>+, Ca®>*, and Zn>* has led to the increased use of
vanadyl ion (VO?>7), as a spectroscopic probe of bio-
logical systems using paramagnetic spectroscopic tech-
niques, such as electron paramagnetic resonance (EPR),
electron spin echo envelope modulation (ESEEM), and
ENDOR. These techniques can provide information as
to the number, kinds and in some cases, orientations of
ligands around the metal binding site.

The intent of this paper is twofold. First, it is a
compilation of recent work involving paramagnetic
spectroscopy of the vanadyl ion in various complexes
and biomolecules. Particular attention is paid to ad-
vances that have shown what the spectroscopic meth-
ods are, and are not capable of examining. Work since
the Eaton and Eaton review (1990) will be emphasized
[5]. Other reviews since 1990 by Makinen and Mustafi
[6] and by Chasteen [7] are recommended. Second, it is
also meant to act as a beginning resource to those who
may be interested in starting to use vanadyl ion as a
spectroscopic probe in their own system. Since, detailed
descriptions of the theoretical basis of these spectro-
scopic techniques are covered in several books and
articles, only a brief introduction is given to familiarize
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Fig. 1. Orbital energy levels for the d electrons of the vanadyl ion
(VO*+).

mS:+]/2 rml:+1/2
mp=-1/2
Y mp=-1/2

mg = -1/2
s Y mp=-+102

Fig. 2. The spin state transitions observed in the EPR are shown here
for a system with both electron spin S = 1/2 and nuclear spin 7= 1/2.

those, who may not have used these techniques before.
However, the reader should obtain a clear sense of the
scope of each technique sufficient to pursue work in
more detail.

While there are examples of non-oxo vanadium(IV)
complexes in nature, such as amavadin, the oxophilicity
of vanadium(IV) causes the overwhelming majority of
vanadium(I'V) compounds to contain the vanadyl ion
[8,9]. Vanadyl ion does oxidize in aerobic aqueous
solution, but at such a slow rate that it can generally be
dismissed as negligible. The + 4 oxidation level can be
stabilized by the addition of other ligands or reducing
agents. Vanadyl complexes, typically adopt S5-coordi-
nate square pyramidal or 6-coordinate distorted octahe-
dral, geometries, with the vanadium-oxo distance
(ca. 1.6 A) being shorter than the distance from the
metal to the ligand trans to the oxo (ca.2-2.2 A).
Vanadium(IV) has a d' electron configuration. A d
orbital energy level diagram for the vanadyl ion is
shown in Fig. 1. The lone d electron is in a G-non-
bonding orbital, which points away from the ligands in
the xy plane. These characteristics will be important in
the discussions to follow.

2. Electron paramagnetic resonance (EPR)
2.1. Introduction to technique

The underlying theory behind EPR can be found in
any number of textbooks, including ones by Drago [10],
Abragam [11], and more recently, Solomon and Lever
[12]. EPR spectroscopy examines the transitions be-
tween electron spin states separated by the presence of
an external magnetic field. These states are separated by
an energy dependent on the g value of the observed
species (for the theoretical ‘free’ electron, g =2.0023)
and the magnetic field applied, as shown in Fig. 2.
Values of g in vanadyl EPR spectra are typically less
than the free electron value, usually ca.1.95. The transi-
tion is induced by microwave radiation of frequency v,
such that hv =gfH, where h is Planck’s constant, f§ is
the Bohr magneton, and H is the magnitude of the
applied field. Note that unlike NMR, in the EPR
experiment, the frequency is held constant, and it is the
strength of the magnetic field, which is varied. These
electronic states are then split by their interaction with
the spin of the nucleus—termed hyperfine coupling.
For the case of vanadium(IV), the nuclear spin of *'V is
I="17/2, so the states are split into 2/ + 1 =8 different
energy states each, separated by the hyperfine coupling
constant, 4. Almost all (> 99%) vanadium is 'V, so
there are no additional isotopes with nuclear spin to
complicate the spectrum. Further splitting of states by
nearby nuclei, such as N is referred to as superhy-
perfine coupling. For the vanadyl case, due to the
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Table 1
Contribution to 4| of different binding moieties (in units of x 10—4
cm~ 1)

Binding group A4 contribution Reference

H,O 45.7 [15]

Perp. imidazole 45.5 [20]
“N-—

Aliphatic imine  44.4 [15]
“N-—

Cl~ 44.1 [25]

Amide (DMF)  43.7 [16]
HC(O)NRR'

RCO;, ArCO; 427 [15]

PO;~ 42.5 [75]

Pyridine =N— 40.3 [15]

RNH, 40.1 [15]

Par. imidazole 40 [20]
—N-

OH~ 38.7 [15]

ArO~ 38.6 [19]

acac, 1 O eq. 37.6 [19]
=C-0~

RO~ 353 [15]

ArS— 353 [15]

Deprot. amide  30-32 (ligand charge —2); 3743  [19,25]
RC(O)NR'~  (ligand charge —4)
RS~ 319 [15]

electron residing in a c-non-bonding orbital pointing
away from the ligands in the equatorial (xy) plane,
superhyperfine coupling to nitrogen-containing ligands
is not resolved in a typical X-band (9 GHz) EPR
spectrum. Therefore, there is no additional splitting of
the EPR absorption. EPR transitions are electronic in
nature, and their selection rules can be expressed as
AM,= + 1, AM, =0, as shown in Fig. 2. For a vanadi-
um(IV) complex, this gives rise to an eight-line
spectrum.

Symmetry can also have an effect on EPR spectra. If
the spectra are obtained from frozen solutions or as a
powder, where the anisotropy is not averaged away by
motion of the molecule, a complex pattern can emerge.
For example, the electronic configuration around a
metal ion may have a unique axis of symmetry. In the
commonly employed first derivative display, two super-
imposed spectra with different hyperfine splittings will
be obtained from frozen solutions (‘axial symmetry’). If
all three axes in the molecular frame of reference are
electronically distinct, three different splittings may be
obtained (‘rhombic symmetry’). Due to the strong
vanadium-oxygen interaction in the vanadyl unit, axial
or nearly axial EPR spectra are usually observed for
vanadyl complexes. The parallel transitions, (represent-
ing the orientation of the V=0 bond parallel to the
applied magnetic field), exhibit hyperfine coupling con-
stants that are larger than those for the perpendicular
orientation.

2.2. The additivity relationship

EPR spectroscopy is a powerful tool that provides
information about the elemental composition, nuclear-
ity, and electronic structure of a paramagnetic state.
Typically, investigators determine the apparent g value
to assess the spin state of a molecule. They can use the
extent and magnitude of hyperfine coupling to identify
the nuclei to which the unpaired electron(s) are coupled
and to determine the number of nuclei associated with
an EPR transition. Through variable temperature and
power studies, one can extract great detail about the
electronic structure of a paramagnetic ion. The strength
of vanadium(IV) is in its use as a probe of ligand
environment. Since, the ion has a simple S=1/2 elec-
tronic spin, and because, °'V has high natural abun-
dance and an /= 7/2 nuclear spin, the vanadyl ion can
be used to assess the bonding of ligands to the divalent
complex ion. An additivity relationship, first proposed
by Wuthrich [14] and refined later by Chasteen [15],
allows the hyperfine coupling constant, specifically 4,
to be correlated to the number and types of ligands
present in the equatorial plane. This theory has evolved
from merely correlating the isotropic hyperfine coupling
constant, 4, (4, =[4|+24,]/3), with the number of
nitrogens and oxygens in the equatorial plane to ex-
tracting A values and using these hyperfine constants
as more sensitive probe of electronic environment. Each
ligand has a specific contribution to 4, and the sum of
the four equatorial ligands’ contributions will give the
A observed. Examination of Table 1 reveals that the
contribution to A correlates approximately inversely
with the electron donor capacity of the ligand, with the
most donating ligands contributing the least to the
hyperfine coupling. The typical A4 varies between
319 x 10~* and 45.7 x 10~* ¢cm !, with the generally
accepted error being ca. 4+ 1.5 x 10~% cm~! [15]. This
introduces one caveat into the use of the additivity
relationship, there is often more than one combination
of ligands which can, within the error limits, give the
experimentally determined 4. Therefore, one must ei-
ther know which types of ligands are possible (as in the
case of small molecules with previously characterized
ligands), or use other complementary techniques to
narrow down the possibilities.

Both the older additivity method using A, and the
newer method using A continue to be used in the
literature. Unfortunately, many authors only report one
or the other hyperfine coupling value. Results using the
different approaches cannot be compared directly as 4 |
is not known. A proper analysis requires that A, be
converted to 4. As 4| and A, can be obtained from
an EPR spectrum with equal ease, it is preferable to list
all values of the hyperfine coupling to facilitate com-
parison of results. Also for ease of comparison, values
should be reported in units of 10=* cm ~! or MHz, not
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Fig. 3. A hypothetical vanadyl EPR spectrum shown as the first derivative spectrum with the SIMFONIA software by Bruker Instruments, Inc [13].

as hyperfine splittings, (in units of Gauss or
Tesla),which are still dependent on the g value.

The following is an example of the approach using
the EPR spectrum shown as Fig. 3. The parallel lines,
exhibiting the widest splitting, are the lines of interest.
First, g must be determined, using the formula /v =
gfH. The field values should be referenced to an exter-
nal sample such as diphenylpicrylhydrazyl (DPPH), and
if possible, the precise frequency of the instrument
should be monitored with a frequency counter. The
value for the magnetic field is obtained by averaging the
field values of the two outermost lines. Then to obtain
A|, the separation between the two outermost lines is
divided by seven. The individual separations between
lines are not exactly equal, but they average out to the
appropriate value [15]. Since, this 4 value is in terms
of magnetic field and dependent on the g value, it is
multiplied by the previously obtained value of g, and
also by the Bohr magneton to convert the value into
wavenumbers. This number can be used with Table 1 to
show that the equatorial ligands in this case are some
combination of waters, or perpendicularly oriented imi-
dazoles. These g and A values should then be confirmed
by computer simulation with software such as Qpow
[17] or SIMFONIA [13] as the instructions outlined above
do not include second order corrections.

2.3. Model complexes

Recently, a surprising amount of work with model
complexes has served to refine the additivity relation-
ship with regard to ligand orientation. Cornman and
co-workers have found changes to the hyperfine cou-
pling constant with the degree of distortion, 7, (Fig. 4)

of five-coordinate vanadyl complexes. Using phenolate
and imine ligands exclusively, as the complexes’ geome-
try distorted more towards trigonal bipyramidal, the
total 4 for the complexes dropped from 161.7 x 10—+
to 157.3 x 10=% cm ~ ! [18]. Cornman’s group also no-
ticed a wide range of values, when extracting the contri-
bution to 4 of a coordinated deprotonated amide.
Values from 31 x 10=% to 37 x 10~* cm ! were ob-
served [19].

Until very recently, the accepted A for imidazole
coordinated to the vanadyl ion was tied to that used for
pyridines and other ‘aromatic imines’ [18]. Smith et al.
used six-coordinate complexes to demonstrate a change
in the A4 contribution of imidazole ligands as the
orientation relative to the vanadyl unit was systemati-
cally varied. The change was sizable, with an imidazole
with its ring plane parallel to the vanadium—oxo vector
having a contribution to 4 of ca. 40 x 10~ *cm ' and
one positioned perpendicular to the V=0, having a
contribution of ca. 46 x 10=% cm~!. The dependence
of the A contribution on angle is a function of
sin(260 — 90), obtained from the crystallographically-
characterized vanadyl complexes, shown in Fig. 5[20].
Since, there were only a few crystallographically char-

Fig. 4. The distortion parameter 7 is defined in terms of the angles o
and £ as shown. t = (f — «)/60, such that in the ideal square pyramid
on the left, =0, and in the ideal trigonal bipyramid on the right,
T=1.
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Fig. 5. Graph plotting the contribution to 4 by imidazole (in units
of 10=% cm ") vs. the angle made by the imidazole ring to the
vanadyl unit. The curve fit is A =x+y sin(20 —90)(x =42.722,
v =2.9638, R=0.977). Reprinted with permission from [20]. Copy-
right 2000 American Chemical Society.
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Fig. 6. Drawings of the overlap of the vanadyl d,,, d.., and d,.

orbitals with the nitrogen p (aromatic) orbital from the imidazole. (a)
The imidazole is bound in the equatorial position and in the perpen-
dicular orientation. (b) The imidazole is bound in the axial position.
(c) The imidazole is bound in the equatorial position and in the
parallel orientation. Reprinted with permission from [20]. Copyright
2000 American Chemical Society.

acterized vanadyl imidazole complexes with which to
calibrate this interaction, previous investigators had
deduced the 4| for the most common (parallel) orienta-
tion, without recognizing the importance of ligand
orientation.

These observations can be explained by considering
the donation from ligand n orbitals to the metal ion.
Fig. 6 uses the case with imidazole as an example.
When the imidazole ring is perpendicular to the
vanadyl unit, the aromatic p orbital on the nitrogen
directly coordinated to the vanadium is parallel to the

V=0 unit. This would place it in position to overlap
slightly with the d,. or d,. orbitals. Since, these orbitals
are already participating in a strong bonding interac-
tion with the vanadyl oxygen, this would be unfavor-
able. For the parallel ring case, however, the aromatic p
orbital would overlap with the partially occupied o-
nonbonding d,, orbital, and so would result in addi-
tional electron donation. This is consistent with the
parallel imidazole having a lower contribution to 4.
This effect seems to apply for non-aromatic imine
ligands as well, and may be general to ligands contain-
ing perpendicular p donor orbitals.

In light of these results, previously reported data
using vanadyl as a spectroscopic probe can be re-exam-
ined. While studying bovine carboxypeptidase A in
1974, Chasteen and co-workers substituted vanadyl ion
for the active site zinc and observed values of 4 of
166.6 x 10~*cm~! at pH>5 and 175.8 x 10~ * cm !
below pH 5 [21]. The high pH form was initially
assigned to an equatorial coordination of two imida-
zoles and two waters, and the low pH form, without a
higher value known for imidazoles with a perpendicular
orientation, was assigned to carboxylate coordination.
However, the new values for imidazole suggest a coor-
dination environment of [L imidazole, || imidazole,
carboxylate, water] with a calculated A4 of 174.4 x
10~%cm~!. A ligand set for the higher pH form can be
reached by deprotonating the water to give [ L imida-
zole, || imidazole, carboxylate, hydroxide] with a calcu-
lated A of 167.4x10"% cm~'. Lipscomb and
co-workers have since solved the X-ray structure of
bovine carboxypeptidase A, and the ligands to the
active site zinc are indeed water, carboxylate, and two
imidazoles whose ring planes are at right angles to each
other [22].

The EPR of the reduced vanadium bromoperoxidase
can be reinterpreted as well. There are two published 4
values for reduced VbrPO—one at low pH (4=
166.6 x 10~* cm~"), the other at high pH (4=
159.9 x 10 ~* cm — 1) [23]. The ligand set [ L imidazole,
imidazole, alkoxide, hydroxide] gives a calculated 4| =
160.0 x 10 ~* cm ', well within allowable error for the
high pH case [20]. For low pH, the ligand set [L
imidazole, \ imidazole, alkoxide, water] has a calcu-
lated 4 =167.0 x 10~* cm !, which is also in very
close agreement to the observed data. As the recently
published crystal structure of the non-reduced vana-
dium bromoperoxidase shows three histidines and a
serine near the active site, these ligand sets are reason-
ably possible [24].

A recent article [25] by Tasiopoulos et al. also shows
a variation in deprotonated amide values, but over an
even wider range than that observed by Cornman [19].
The contribution from deprotonated amide ligands was
measured to be between 29 and 43 x 10~* cm~'. The
authors attributed this wide variation to an effect of the
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increasing negative charge of the donors in the equato-
rial plane; that is, an effect above and beyond the
lowering of A4 by more donating ligands. When the
charge of the donating ligands changed from —2 to
— 4, the additivity contribution from the deprotonated
amide ligand increased by 5 x 10 % cm —!. The authors
also noticed that the value in five coordinate complexes
was lower than six coordinate complexes by about
5 x 10~% cm~ !, which is evidence that the distortion to
a square pyramidal or trigonal bipyramidal geometry is
affecting the observed number.

Hagen and co-workers have studied a series of
vanadyl bis(phenolate) complexes with varying sub-
stituents on the aromatic rings [26]. They observed that
the HOMO-LUMO transitions, oxidation potentials,
and EPR hyperfine couplings for these complexes obey
linear relationships dependent on the Hammett con-
stants of the aromatic ring functionalization. Different
substituents on the aromatic ring of the ligand varied
Aio by up to 0.7 G. The electronic differences caused
by the changing substituent could be a contributor to
the causes of error in the additivity relationship, since
the values used for a particular binding group do not
take into account differences in the ligand as a whole.

Mondal and co-workers have synthesized a vanadiu-
m(IV/V) mixed valent dimer, that typifies the use of
EPR to determine electronic communication [27]. The
dimer consists of two ligands (deprotonated salicy-

(a)
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—_
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2800 3200 3600 4000
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Fig. 7. EPR spectra of the complex [Et,N][V,05(L-alsal),] under the
following conditions: (a) solution at 300 K; (b) solution at 77 K; (c)
powdered solid at 300 K. Reprinted with permission from [27].
Copyright 2000 American Chemical Society.

laldimine of L-alanine) attached to a V,03* core. The
bridging oxygen—vanadium bond lengths in the core are
different by ca. 0.2 A, signifying that the complex is
essentially valence localized. In EPR spectra of the
powder and frozen solutions, a typical eight-line axial
spectrum is seen that confirms this assignment. How-
ever, in a room temperature (r.t.) solution sample in
dichloromethane, a 15-line spectrum is seen, showing
the vanadium dimer, is best described as a class II
mixed valence complex (Fig. 7).

EPR and the additivity relationship have been used
to confirm the structures of many vanadyl complexes,
including those with salicylaldehyde—amino acid Schiff
base ligands [28], insulin-mimetic dithiocarbamate com-
plexes [29], two binding sites on tetracycline [30], and
aspartic acid complexes [31]. Amin and co-workers
tracked by EPR the formation of different isomers of
the insulin-mimetic complex VO(H,O)(acac), in vivo
[32]. EPR has also been used to confirm the equivalence
of the two metal centers in a ferromagnetically coupled
vanadium(IV/IV) dimer [33]. Dessi, Micera, and Sanna
catalogued the EPR data for a very large number of
complexes with small biological molecules such as
glycine, cysteine, cysteamine, and glutathione [34]. Ji-
ang and Makinen, as well as Micera et al. have studied
vanadyl’s interaction with guanosine 5'-monophosphate
[35,36].

2.4. Biological systems

Vanadium substitution of the active site metals in
enzymes can be a highly informative method for deter-
mining the binding residues involved. In order to be
certain that the vanadyl ion is binding to the same
residues as the native metal, additional tests should be
performed. These should include kinetic studies with
the vanadyl-substituted enzyme to make sure that it
retains appreciable activity compared with the native
form. Confirming that the vanadyl-substituted enzyme
retains its native structure and responds to any known
inhibitors also serves to verify vanadyl coordination at
the appropriate site. The reader should bear these pre-
cautions in mind while reading the following sections.

Werneberg and Ash used EPR to study vanadyl-sub-
stituted pyruvate carboxylase [37]. The vanadyl-substi-
tuted enzyme was found to have 30% of the activity of
native enzyme, but only functioned in the reverse reac-
tion (the native enzyme is capable of catalysis in either
direction). They found two binding sites—one protein-
dependent and one nucleotide-dependent. The nucle-
otide-dependent one, which formed upon addition of
ATP, has an 4 = 176.4 x 10~* cm ~'. From this it was
concluded that the equatorial ligand set for this vana-
dium consists of two phosphates and two waters, with
a calculated 4 =176.8 x 10~* cm~'. For the protein
site, 4j=163.1 x10~* cm~"'. Further, evidence was
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accumulated by using D,O to exchange away protons
on ligands such as water or the lysine amine side chain.
This will narrow the linewidths in the EPR spectrum by
ca. 0.75 x 10=* cm ! per ligand [38]. A narrowing of
1.6 x 10~% cm ~ ! was observed, giving two ligands with
two exchangeable protons each. One possible ligand set
would then be two (primary) amines, one parallel imi-
dazole, and one carboxylate, yielding a calculated 4| =
162.9 x 10~* cm~'. Bicarbonate added to the system,
induced a drop in 4 of 4.3 x 10~% cm ', but the exact
cause of this cannot be determined. Werneberg and Ash
also used thallous ion to study the relationship of the
vanadyl site to a known nearby monovalent cation
binding site. Superhyperfine coupling with T1* can be
observed in vanadyl EPR, and the superhyperfine cou-
pling is different for the parallel lines than for the
perpendicular if the coupling is through space rather
than through bond [39]. In this case, the couplings were
equal, so TI™ and VO*>* share a common ligand.

Hanson, Sun, and Orvig have used EPR to determine
the nature of the insulin-mimetic complex bis(malto-
lato)-oxovanadium(IV) in solution [40]. Since there is
no established additivity relationship contribution for
maltolato-type ligands, different equatorial ligand envi-
ronments could not simply be deduced from the ob-
served hyperfine coupling. However, the general trends
therein allowed cis coordination of solvents such as
pyridine and water to be determined.

Hu and co-workers have used vanadyl ion as a
spectroscopic probe in their studies of a mutant of the
chloroplast F-ATPase. Vanadyl ion was found to serve
as a functional co-factor for the enzyme. To determine,
whether the glutamic acid to glutamine mutation was of
a residue that served as a ligand, vanadyl ion was
placed in the metal binding site of both the wild type
and mutant proteins. Since, the change of a carboxylate
to either a water or an amide would result in a change
in A, the EPR would be able to indicate whether the
mutation affected metal binding. No changes were ob-
served in the EPR spectrum, suggesting that the
changed carboxylate was not involved [41].

Chen, LoBrutto, and Frasch have combined EPR
with site-directed mutations in the vanadyl-substituted
chloroplast F;-ATPase, to provide proof of a specific
residue binding to vanadium [42]. By replacing a
threonine postulated to be binding to vanadium, the 4
values were altered drastically. With the cysteine muta-
tion, the ligand set shifted from two alkoxides, a pheno-
late, and a carboxylate/phosphate to thiolate,
phenolate, and two carboxylates/phosphates. The as-
partic acid mutation caused a severe coordination
change for which the only reasonable ligand set was
alkoxide, phenolate, and two amines. Finally, mutation
of the threonine residue to the hydrophobic leucine
resulted in the almost total disappearance of the spec-
trum—the vanadium no longer bound to the enzyme,

which precluded any of the above mutation effects from
being merely a change in metal binding site.

The Frasch group also mutated a residue thought to
be involved in metal binding site in the latent form of
chloroplast F;-ATPase [43]. The original site has been
assigned an equatorial ligand set for vanadyl of two
carboxylates/phosphates, alkoxide, and water. The
residue changed this time was an aspartic acid. A
change to histidine altered the hyperfine coupling so
that the ligand set derived from the additivity relation-
ship was parallel imidazole, carboxylate/phosphate,
alkoxide, and water—apparently a simple substitution.
A threonine mutation did not result in a simple substi-
tution, but produced a change in ligand set to amine,
phenolate, carboxylate/phosphate, and water. This
change is reasonable, given a known nearby lysine and
tyrosine. Asparagine and cysteine mutations apparently
had no effect on the EPR spectrum, but a change from
an amide to a carboxylate/phosphate would give a very
small difference to 4. Similarly, the difference between
carboxylate/phosphate + alkoxide and thiolate + water
is also too small to observe reliably.

2.5. Caveats

Although, it is a very powerful method for determin-
ing ligands in the equatorial plane of vanadyl com-
plexes, EPR is not a stand-alone identification
technique. There is a small range of hyperfine coupling
constant values given the relatively large error (ca.
1.5x 10~* em 1) involved in the additivity relation-
ship. Care must be taken in applying the additivity
relationship. In some cases, multiple, chemically rea-
sonable fits to hypothetical ligand sets are possible, all
of which may be within the error limits of the additivity
calculation. Here are a few examples.

Kiss and co-workers have identified speciation be-
tween vanadyl bis(picolinate) complexes and vanadyl
complexes with one picolinate and one citrate ligand
[44]. However, since both ligands contain carboxylate,
and their reported hyperfine coupling values for the
complexes are only 1 x 10~* cm~! apart, this cannot
be confirmed. Other examples where statistically in-
significant differences between alternative coordination
sphere formulations are available. These include at-
tempts to distinguish between phosphate and carboxy-
late coordination [45] and perpendicular imidazole and
water coordination [46] with only EPR as
characterization.

Another example where allowable experimental error
needs to be considered is Ceccato and co-worker’s
model complex for vanadyl-transferrin with phenolate,
amine, and carboxylate ligation. Although, the 4, val-
ues for the two systems are close together (92.97 x
10~% cm ! for the model complex, 93.7 x 10 =% ¢cm !
for vanadyl-transferrin), the A values are outside the
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Fig. 8. Possible binding modes for vanadyl to transferrin. Tyrosine,
histidine, aspartate, and bicarbonate make up the equatorial ligands
for the mode on the left with the vanadyl unit pointed down. On the
right, two tyrosines, aspartate, and bicarbonate are bound equatori-
ally with the vanadyl unit coming out of the page.

electron hyperfine coupling
Zeemap and nuclear Zeeman
interaction interactions (I = 1/2)
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Fig. 9. EPR (dashed lines) and ENDOR (solid lines) spin transitions
for §=1/2 system, with hyperfine coupling to a nucleus with, (a)
I=1/2; and (b) I = 1; the effect of the nuclear quadrupole coupling is
illustrated on the right hand side of diagram (b).

accepted error range (164.5 x 10 =% cm ~! for the model
complex, 168 x 10~* cm~! for vanadyl-transferrin)
[47]. Fig. 8 shows the two most logical coordination
spheres for vanadyl ion at the active site of transferrin.
In the first case, the ligand set of [two phenolates,
carboxylate, bicarbonate] gives a calculated A=
162.6 x 10~% cm~!, which is not similar to the ob-
served value (assuming bicarbonate’s contribution to 4
is similar to carboxylate’s). The second possible ligand
set [phenolate, perpendicular imidazole, carboxylate,

bicarbonate] gives a much closer value for A4 of
169.4 x 10~ * cm —!. Additional evidence from ESEEM
and ENDOR (vide infra) upholds this conclusion.

2.6. Summary of EPR capabilities

To date, interpretation of the EPR spectra of vanadyl
complexes is unique in that it can be directly correlated
to the equatorial ligand types. By determining the par-
allel hyperfine coupling constant and comparing it to
published values for ligands, a possible ligand set can
be proposed. For imidazole and probably imine donors,
the ligand’s orientation relative to the vanadyl unit can
be determined. While this is a valuable method for
assessing first coordination sphere ligation to vana-
dium, careful analysis must be employed. It should be
remembered that the solution to the additivity relation-
ship is often not unique. This is because several ligands
have similar contributions to 4, the ligand orientation
can cause dramatic shifts to Ay, and the inherent error
of the method is sufficient to make ligands with similar
values look identical. For these reasons, other spectro-
scopic techniques should be used to confirm assign-
ments when the specific ligand types are unknown.

3. Electron-nuclear double resonance (ENDOR)
3.1. Introduction to technique

ENDOR is a powerful tool for the study of com-
plexes containing paramagnetic ions such as VO2T,
primarily because inhomogeneous line bordering in
conventional EPR spectra often hides hyperfine split-
tings that arise from ligand nucleii ENDOR (and
ESEEM, cf. Section 4) can sometimes recapture this
lost resolution.

In ENDOR spectroscopy, an EPR spectrum is first
obtained and the magnetic field set to selected portion
of the EPR absorption. Microwave radiation is applied
with sufficient power to cause partial saturation of the
EPR transitions. Then, with the magnetic field still
fixed, ratio frequency energy is applied, and is swept
over the range of probable nuclear trasition frequencies.
Simulation of such a transition in a coupled nucleus
provides a parallel electronic spin relaxation pathway,
producing transient relief of the microwave saturation.
The subsequent brief increase in the EPR amplitude
constitutes an ENDOR signal. ENDOR can thus be
thought of as observing NMR by detection of EPR.

The nucleus whose spin transition is detected in the
ENDOR experiment is not necessarily the metal nu-
cleus. It can be any nearby nucleus whose spin is
coupled to the unpaired electron. ENDOR is generally
better suited to the detection of stronger hyperfine
couplings, especially in comparison with ESEEM. Fig.
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9a shows an example of energy levels for a paramag-
netic center with S=1/2, coupled to a nucleus with
I=1/2. In ENDOR, the nuclear spin transitions are
driven directly, and the transitions represented by the
selection rules as Am,=0, Am; = + 1 are, therefore,
highlighted (solid arrows). As shown, two lines will be
observed, whose transition frequencies are given ap-
proximately by:

A‘
v+

> ()

VENDOR =

where v, is the NMR frequency of the nucleus at the
applied magnetic field (the Larmor frequency), and 4 is
the hyperfine coupling constant. Thus, if [4/2| < v, the
two transitions vgnpor are centered about v; and sepa-
rated by A. In the other case (|4/2|>v.), the transi-
tions are separated by 2v,, and |4] is simply v, + .
Since, v, can be obtained from a table of nuclear
properties, the ENDOR data can be used to confirm
the identity of the coupled nucleus, as well as the value
A at the chosen field. ENDOR linewidths are often
measured in tenths of MHz, so that resolution is typi-
cally at least two orders of magnitude better than that
of CW EPR.

No matter how many equivalent /= 1/2 nuclei are
present only two transitions will be observed by
ENDOR. This represents both an advantage and disad-
vantage. The total number of spectral lines is obviously
reduced, simplifying the spectrum versus CW EPR.
However, there is no way to tell from ENDOR how
many of each type of nucleus contribute to the
spectrum.

The values of ligand hyperfine couplings often exhibit
significant anisotropy. For metal cations that have an-
isotropic EPR spectra, therefore, varying the magnetic
field across the resonant EPR absorption (and the
resulting changes in the values of 4 and of v;) will
cause the spectrum of nuclear transitions to shift. Also,
since a single magnetic field setting can encompass a
range of orientations, ENDOR spectra are usually
more complex in appearance than might be suggested
by Eq. (1).

For '“N, with its nuclear spin I = 1, the approximate
expression for the ENDOR frequencies includes the
nuclear quadrupolar interaction, Q:

30

A
EiViT (2)

VENDOR =

As is evident from Fig. 9b, in the absence of a
quadrupolar interaction, there will be two nuclear tran-
sitions of equal energy for each value of my. Since, N
has small magnetic moment, one will observe, for all
but the weakest hyperfine couplings, a pair of lines
separated by twice v, and centered at A /2. The effect of
a nonzero quadrupolar coupling is then to split each
pair of equivalent transitions, yielding a four-line spec-

trum. An example is shown in Fig. 10, along with an
illustration of the effect of orientation selection on
"“N-ENDOR in complex containing VO?>*. A more
detailed quantum mechanical explanation of ENDOR
can be found in a review by Piekara-Sady and Kispert
[48].

Pulsed, or electron spin echo ENDOR (ESE-
ENDOR) is an advanced form of the ENDOR tech-
nique that has come into much greater use in the past
decade. In ESE-ENDOR, nuclear spin transitions are
detected by their effect on the amplitude of a transient
EPR signal called an electron spin echo (see Section 4.1,
below) not by their effect on a CW EPR absorption.
ESE-ENDOR has advantages in sensitivity over CW
ENDOR in many situations, and it usually works over
a wider range of temperatures, although, the instrumen-
tation for the pulsed technique is somewhat more com-
plex. A detailed and highly readable description of
ESE-ENDOR can be found in the article by Thomann
and Bernardo [49].

3.2. Model complexes

Grant and co-workers used ESE-ENDOR to obtain
the 'V nuclear quadrupolar coupling constant, P, and
discovered that while it is relatively insensitive to lig-
ands in the equatorial plane, it does change with differ-
ent axial ligation [50]. Changing equatorial ligands
from octaethylporphyrin (oep) to acetylacetonate (acac)
to N,N’-ethylenebis(salicylideneamine) (salen) in com-
plexes with no axial ligands did not significantly alter
the P| from —0.430 MHz. Addition of an axial ligand
brought P closer to zero, with more donating ligands
having a larger effect (Table 2). Interestingly, the place-
ment of imidazole, as an axial ligand only changed P
to —0.40 MHz. This weak binding and small amount
of donation can be explained using the imidazole ring

N1
‘ m, = -7/
t
t
L 11 1
N3 m, = +7/2,
1 1 1 L 1 1 1 1
2.0 4.0 6.0 8.0 10.0

MHz

Fig. 10. "*N-ENDOR spectra of vanadyl apo-ferritin observed at the
my = — 7/2 parallel line (top) and the m; = + 7/2 perpendicular line
(bottom) of the EPR spectrum. Reprinted with permission from [54].
Copyright 1991 American Chemical Society.
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Table 2
Parallel nuclear quadrupolar coupling constants (P)) observed with
different axial ligands

Axial ligand Py (MHz)
None#b< —0.43
Imidazole® —0.40
Pyridine® —0.369
Ethanol® —0.250
n-Butylamine® —0.24
DMSOP —0.224
Pyridine (acac oxygen)® —0.110

All values from reference [50].
# Equatorial ligand: (oep).
® Equatorial ligand: (acac).
¢ Equatorial ligand: (salen).

orientation discussion from the EPR section (vide
supra). In the axial position, the coordinating nitro-
gen’s aromatic p orbital would be placed in a position
to overlap with the vanadium d,. and d,. orbitals,
which are already involved in bonding to the vanadyl
oxo. The extreme effect of pyridine compared with
n-butyl amine is explained by its tendency to coordinate
in the equatorial plane and displace one of the acac
oxygens to the axial position. The expected smaller
value for an axial pyridine ligand is observed for
VO(salen). It is noted that making ESE-ENDOR mea-
surements on the strongly coupled 'V nucleus required
extension of the radio frequency sweep to nearly 300
MHz, well above the standard range for X-band
instruments.

The computation of P| from EPR spectra of the
pentaaquo vanadyl cation ([VO(H,O)s]?*) has been
confirmed by density functional theory (DFT) calcula-
tions [51]. The theoretical work in this study was
checked against the results of EPR measurements per-
formed at both 9 and 94 GHz, as well as ESE-ENDOR
at 10 GHz. The agreement with the DFT calculations
was excellent. The use of a second microwave frequency
(94 GHz) that was far removed from X-band (9-10
GHz) lent confidence to the simulations of the experi-
mental EPR data. It was also determined in this study,
that while second-order perturbation calculations of
simulated ENDOR spectra were adequate for determin-
ing trends in P}, a full matrix diagonalization procedure
was preferred for absolute determination of S5'V
quadrupolar couplings.

In a separate study, Grant et al. found that P| is also
increased by distortion of square pyramidal complexes
toward trigonal bipyramidal ones [52]. As the ligand
approached an orientation that was trans to the oxo, P|
became closer to zero. This result is in agreement with
the previous work [50], and further lends support to the
conclusion that electron donation in the trans position
decreases the magnitude of the nuclear quadrupole-cou-
pling constant.

Branca, Micera, and Dessi used 'H-ENDOR to de-
termine the environment of protons near to the vana-
dium in vanadyl salicylate and phenolate complexes.
This in turn allowed for determination of the type of
oxygen donor to the vanadium. Protons located alpha
to coordinated phenolate groups gave coupling con-
stants of 1.70 MHz, and protons alpha to coordinated
aryl carboxylates gave a coupling constant of 0.95
MHz. Thus, these two types of ligands can be distin-
guished [53].

3.3. Biological systems

The first ENDOR study of a vanadyl-substituted
protein was by Hanna, Chasteen, Rottman, and Aisen
observing horse spleen apoferritin [54]. Both “N- and
'H-ENDOR were observed. For additional compari-
son, ENDOR spectra of vanadyl-substituted transferrin
were also observed, as its nitrogen donor was known to
be a single imidazole. Mulks and co-workers had previ-
ously claimed that both nitrogens of a coordinated
imidazole ring contribute to “N-ENDOR [55], and due
to quadrupolar coupling each nitrogen atom produces
four AM;= +1 transitions in ENDOR. Therefore,
eight lines per inequivalent imidazole were expected for
the vanadyl-substituted apoferritin. Although, it was
difficult to observe all eight lines (Fig. 12), more than
four resonances were found. The assignments shown
were tentative, and it was not possible at the time to
determine by ENDOR whether one or two nitrogen-
containing ligands contributed to the spectra. Later
ESEEM work on model complexes by Dikanov et al.
showed that in fact the hyperfine couplings to the
coordinating and non-coordinating nitrogens differ by
more than an order of magnitude (vide infra) [71].
Thus, only a single large hyperfine coupling per imida-
zole should be observed, suggesting the presence of a
second imidazole ligand. The computed hyperfine cou-
pling was 7.14 MHz, similar to the 7.5 MHz for trans-
ferrin, but different from the values for coordinated
amines (ca. 5 MHz) [56]. "TH-ENDOR showed two pairs
of lines from two types of nearby hydrogens. One pair
of lines, with a coupling of 1 MHz, disappeared with
D,0 exchange. This finding and the 2.02 MHz coupling
represented by the remaining two lines is consistent
with previous findings for imidazole ligands [55]. This
allowed for confirmation of an imidazole ring at the
metal binding site. It also showed that while the bind-
ing site is accessible to solvent, there is no water directly
bound to the metal.

Mustafi and Nakagawa have used EPR and ENDOR
to study vanadyl-substituted nephrocalcin, which pre-
vents calcium oxalate crystals from growing to form
kidney stones. Circular dichroism spectroscopy verified
that there were no extreme changes in the protein
folding, although, the presence of charge transfer bands
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with the vanadium precluded a precise analysis [57].
'"H-ENDOR of the vanadyl complex with nephrocalcin
fraction A (NC-A) showed several peaks, but none at
the frequencies observed for waters coordinated to
vanadium in [VO(H,0)s]**. These peaks also did not
disappear in samples run in D,O, so it was concluded
that they were from non-exchangeable protons on
nearby residues. Lack of water coordination is rare for
calcium—protein systems [58]. “N-ENDOR data were
not shown, but it was stated that no peaks due to
imidazole were observed. Since nephrocalcin is rich in
aspartate and glutamate residues, a coordination sphere
composed entirely of carboxylates was postulated. The
A| values from the EPR are inconsistent with this
interpretation. The reported value for the vanadyl-
nephrocalcin A complex was A4 =5354 MHz=
178.6 x 10~% c¢cm~!. From the additivity values in
Table 1, a vanadyl with four carboxylates in the equa-
torial plane should have an 4 =170.8 x 10~* cm .
Very few ligands contribute more than carboxylate, and
those that would be found in the protein are water and
perpendicular imidazole, both of which were excluded
by ENDOR. Further study will be needed to reconcile
the differing conclusions from the two techniques.

Later studies on vanadyl-substituted nephrocalcin
fraction C (NC-C) showed a different binding mode for
that fraction [59]. The 4 from EPR measurements
(539.0 MHz =179.7 x 10~* cm~!) in this case is con-
sistent with an equatorial ligand set of three waters and
a carboxylate (4; =179.8 x 10~* ecm ') or two waters
and two carboxylates (4, =176.8 x 10~* cm~"'). 'H-
ENDOR spectral comparison with [VO(H,0)s]** indi-
cated water coordination by two different types of
protons, the peaks disappeared when the sample was
run in D,0. This leads to the conclusion, that the two
water, two carboxylates ligand set is correct. In this
case the ENDOR and EPR are complementary, as the
ENDOR spectrum can eliminate possibilities that are
distinguishable within the error of the EPR activity
relationship.

ENDOR particularly as applied to 'H and 3'P hy-
perfine couplings, has proven to be of particular value
for structural analysis of vanadyl-nucleotide com-
plexes. Mustafi, et al. used this approach to examine
complexes of the form VO(nucleotide),, where the nu-
cleotide was ADP, ATP, or the o, f-methylene analog
of ADP (AMP-CP) [60]. Principal values of proton
hyperfine couplings were measured and assigned to
solvent, to the ribose or adenine moieties, or to the
methylene group of AMP-CP. Distances and angles
extracted from these tensors were used as constraints
for molecular models of the complexes. Structural
parameters for the VO(nucleotide), complexes thus ob-
tained proved to be quite similar to those obtained
crystallographically for similar complexes formed with
other divalent metal cations. The results of this study

were later applied to the interpretation of ENDOR
spectra of VO?>*-GTP and VO?>*-GMPPNP complexes
bound to the protein elongation factor Tu (EF-Tu).
Preliminary '"H-ENDOR measurements, obtained from
the —3/2, EPR transition, yielded essentially identical
spectra for the two complexes, indicating that their
active site structures are isomorphous. ENDOR also
revealed the presence of at least seven different 'H
hyperfine couplings. While these were mostly unas-
signed, preparation of the protein in denaturated water
(and comparison with model studies) allowed attribu-
tion of a 3.2 MHz coupling to an axially coordinating
water molecule. Vanadium—nuclear distances were cal-
culated for each coupling, apparently by assuming the
absence of an isotropic component to the coupling
tensor.

3.4. Summary of ENDOR capabilities

What can be determined through the use of
ENDOR, greatly depends on which nucleus is being
observed. For *'V-ENDOR, the quadrupolar coupling
constant, P, is sensitive to ligation in the axial posi-
tion. This allows for identification of the axial ligand in
terms of its electron-donating ability. "*N-ENDOR can
distinguish between coordinated imidazoles and amines
by the hyperfine and quadrupolar couplings derived
from their nuclear transition frequencies. 'H-ENDOR
spectra can be compared with that of [VO(H,O)s]** to
identify ligated water. D,O exchange will remove peaks
from exchangeable protons in the area. The coupling
constants for nearby protons on alpha carbons of imi-
dazole, phenolate, and salicylate ligands are known.

4. Electron spin echo envelope modulation (ESEEM)
4.1. Introduction to technique

ESEEM is a specialized, pulsed EPR technique, that
is used to detect weak nuclear hyperfine couplings. As
its name suggests, ESEEM relies upon the generation of
electron spin echoes. In pulsed EPR techniques, a series
of short, intense microwave pulses, followed by an
extended waiting period, replaces continuous mi-
crowave irradiation. Application of two microwave
pulses to an EPR sample, immersed in a magnetic field
at resonance, results in the emission by the sample of a
weak, transient microwave signal (Fig. 11a). This signal
is the electron spin echo. If the two pulses are separated
by a delay time 7, then the echo occurs at time after 27
after the first pulse. As 7 increases, the amplitude of the
spin echo decreases roughly exponentially, with a time
constant that is strongly temperature-dependant. In
biological systems, two-pulse electron spin echoes often
fall below the level of detectability for delays (z) of a
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few microseconds or more, even at temperatures near
the boiling point (b.p.) of the liquid helium. The decay
of the echo as a function of the time before the pulses
is slower when three microwave pulses are applied
instead of two (Fig. 11b). The three-pulse sequence
generates several spin echoes, but the one of the most
interest for ESEEM measurements is the ‘stimulated
echo’ that occurs at time 7 after pulse III. Here 7 is
identified as the (fixed) time between pulses I and II. As
the delay T between pulses II and III is lengthened, the

n/2 T echo

i
b /2 a2 /2 echo

L A
R

a

T

Fig. 11. Microwave pulse sequence for (a) primary ESSEM; (b)
stimulated echo ESEEM; and (c) HYSCORE. Sequence (c) can also
be used for one-dimensional, four-pulse ESEEM if ¢, and z, are
varied together.

MHz

Fig. 12. (a) Time domain, three-pulse (stimulated echo) ESEEM
spectrum of VO(H,0O)(ada) obtained at the m; = + 5/2 perpendicular
transition of the vanadyl EPR spectrum. (b) Frequency domain
spectrum obtained by Fourier transformation of (a). (¢) Frequency
domain spectrum at the m;= —7/2 parallel transition. Reprinted
with permission from [64]. Copyright 1998 American Chemical Soci-
ety.

stimulated echo also decays, but it does so approxi-
mately an order of magnitude more slowly than the
two-pulse ‘primary echo’.

If the unpaired electron is weakly coupled to a
nucleus with spin 7> 0, the spin echo will, in general,
decay non-monotonically as a function of the variable
delay. This is illustrated in Fig. 12a for the case of a
three-pulse experiment. The hyperfine coupling causes
the spin echo to be ‘modulated’, that is, its integrated
amplitude decreases periodically (as a function of T)
from the value that it would have in the case of no
nuclear couplings. ESEEM spectra are often modulated
at more than one frequency, and the frequencies are
most easily visualized by calculation of the Fourier
transform (Fig. 12b) of the modulation function. The
plot of the Fourier transform is a frequency-domain
spectrum (very similar to an ENDOR spectrum), whose
peak positions represent the spin transition energies of
hyperfine-coupled nuclei. These energies can be used to
determine hyperfine coupling constants as described
below. As in ENDOR (vide supra), the spectrum of
transitions will shift due to changes in both 4 and v,
as the magnetic field is varied. This is seen in the
comparison of Fig. 12 a and c, which were obtained
from the same sample. In Fig. 12b, the field was set on
a ‘perpendicular’ transition of a VO?>* EPR spectrum,
while in Fig. 12c it was set on a ‘parallel’ transition.
Thus, changing the field, effectively changes the subset
of sample orientations that is observed, and for the
general case of an anisotropic hyperfine coupling, the
ESEEM spectrum will change as well.

The intensity of the ESEEM effect (i.e. the depth of
the spin echo modulation as a fraction of the total echo
intensity) depends upon a number of factors, including
the spin of the coupled nucleus. In general, nuclei with
spin 1> 1/2 yield deeper modulations than, those with
I=1/2. In the study of vanadyl complexes, ESEEM has
found its greatest use in the detection and characteriza-
tion of "N (I=1) superhyperfine couplings. While
equatorially coordinating '*N produces intense modula-
tions, N (I =1/2) yields much weaker modulations
(and at different frequencies) in the same chemical
environment. This effect can be extremely useful for
making definitive identification of the chemical moiety
that donates a nitrogen ligand, providing that selective
I5N labeling can be accomplished.

Since, '*N has a small nuclear magnetic moment, and
because '“N superhyperfine couplings to VO>* are
relatively small (<10 MHz), the ESEEM frequencies
arising from such couplings tend to be low. A low-fre-
quency modulation has a long period, and thus, if the
echo decays away quickly, it becomes difficult to ob-
serve more than a cycle or two of modulation. This
translates into broad lines and poor resolution in the
frequency-domain spectrum. Therefore, the slower-de-
caying stimulated echo obtained in the three-pulse ex-
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periment generally provides a better resolved “N:VO?*
ESEEM spectrum.

ESEEM spectra are often complicated in appearance,
due to orientation selection and to other anisotropic
effects. Consequently, theoretical simulation is the best
method for extracting hyperfine-coupling tensors from
spectral data. Simulations are more credible when one
set of parameters fits data obtained at two or more
different microwave frequencies. This has motivated a
number of workers to construct pulsed EPR spectrome-
ters that operate over a broad frequency range, or at
several widely separated frequencies [61,62]. Neverthe-
less, in many cases, one can make reasonable estimates
of superhyperfine coupling constants by direct examina-
tion of single-frequency spectra. These estimates are
useful as input parameters for initial attempts at spec-
tral simulation. For /= 1/2, the nuclear transition fre-
quencies v, are given by the same approximate
expression (Eq. (1)) as for ENDOR.

ESEEM spectra of YN (I=1), are strongly influ-
enced by the quadrupolar interaction. If the hyperfine
coupling and the nuclear Zeeman interaction are similar
in magnitude, then the local magnetic fields will cancel
for one value of mg In that case, the pure nuclear
quadrupolar frequencies can be obtained directly from
the ESEEM spectrum. These frequencies are repre-
sented in two nuclear transitions of the type Am,; = +1,
plus one of the type Am, = + 2 all for the same value of
mg (Fig. 12b). The values of the quadrupole coupling
parameters derived from these frequencies are diagnos-
tic of the chemical environment of the '*N nucleus. It is
noted that if the microwave frequency (and thus the
magnetic resonance field) can be adjusted over a suffi-
cient range, then the aforementioned cancellation of
local magnetic fields, which also maximizes the depth of
the spin echo modulations, can be brought about at will
[63]. This provides further motivation for construction
of ESEEM instruments that operate at multiple
frequencies.

If, in contrast with the case just considered, the
isotropic component of the N hyperfine coupling is
relatively strong (A4, > 5 MHz), then the two transitions
of the type Amy;= +2 will generally dominate the
ESEEM spectrum. These ‘double quantum’ transitions
occur approximately at frequencies:

Vag+ = 2|:<VL T <;>> + K°(3 + ’72):| / 3)

where K is the nuclear quadrupole coupling parameter
e?Qq/4h, and 7 is a parameter between 0 and + 1 that
describes the deviation of the quadrupole coupling ten-
sor from axial symmetry [64]. Having assigned and
measured the Am; = + 2 transitions, one can estimate
the hyperfine coupling A4 for the orientation selected:

vi —y2

A= — 4)

8w

By comparing the values of A obtained from biologi-
cal systems with those from well-characterized model
complexes, it is possible to distinguish different classes
of equatorial nitrogen ligands, for example, histidine
versus lysine in proteins [56,74].

Hyperfine Sublevel Correlation (HYSCORE) spec-
troscopy is a two-dimensional ESEEM-based method,
which is used to help to untangle complex ESEEM
spectra [65]. In this technique, a = pulse is inserted
between the second and third 7/2 pulses of a stimulated
echo sequence (Fig. 11c). The time interval ¢;,, which
precedes the 7 pulse, is scanned through a series of n
discrete steps, and the stimulated echo amplitude is
monitored, producing a one-dimensional ESEEM trace
in the time domain. The interval #,, which follows the 7
pulse, is then lengthened by a step that is equal in size
to the steps in #,, and the scan of #; is repeated. By
making n such steps in ¢,, one obtains a complete, n X n
time domain data set. Two-dimensional Fourier trans-
formation then yields a 2D-frequency spectrum, usually
displayed as a contour plot (Fig. 13).

The HYSCORE experiment offers a number of ad-
vantages over standard, stimulated-echo ESEEM. First,
the added n-pulse serves to create correlations between
nuclear spin transitions in different electron spin mani-
folds, designated myg. These correlations are evident in
the 2D frequency spectrum as off-diagonal peaks (cross
peaks, or ridges in the case of anisotropic couplings),
such as those labeled 1, 2, and 3 in Fig. 13. As is clear
from comparing the 2D spectrum to the 1D projections
onto the axes, HYSCORE’s multidimensional approach
provides vastly improved resolution. In addition, cross
peaks can appear primarily in the (+ +) or (+ —)
quadrant, depending upon the relative magnitudes of
the hyperfine and nuclear Zeeman interactions (domi-
nant hyperfine interactions produce cross peaks in the
(+ —) quadrant, and vice versa). Thus the 2D contour
plot provides immediate evidence of the range of values
into which each hyperfine coupling falls. Third, the
shapes of the cross peaks and their orientations with
respect to the diagonal of a given quadrant can be
analyzed in a straightforward fashion to extract values
of the isotropic and anisotropic parts of ligand hy-
perfine couplings [66]. Separating these two parameters,
aids in determination of electronic and chemical struc-
ture. Due to these and other useful properties,
HYSCORE should prove to be a powerful tool for
analysis of vanadyl complexes in biological settings.

4.2. Model complexes
LoBrutto et al. used ESEEM on crystallographically

characterized vanadyl model complexes with axial
amine ligands (Fig. 12) to determine that the superhy-
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Fig. 13. HYSCORE spectrum of vanadium(IV) in bone measured at the m; = — 1/2 line of the vanadyl EPR spectrum. The numbered crosspeaks

show the presence of three unique phosphorus nuclei. Reprinted with permission from [82]. Copyright 1999 American Chemical Society.

perfine coupling from an axial amine can be observed.
Simulations of the axial nitrogen’s three-pulse ESEEM
yielded A, = 1.3 MHz. This coupling is much smaller
than that attributed to a typical equatorial amine lig-
and, about 5.0 + 0.5 MHz. These values supported the
conclusion that an axial amine donor is present in the
vanadyl-substituted chloroplast F,-ATPase [64]. Al-
though, the smaller axial superhyperfine coupling was
comparable to the smaller coupling observed for the
reduced vanadium bromoperoxidase [67], no match was
found. It is possible that the rVBrPO coupling at
A, = 1.8 MHz could be the result of an axial imidazole
donor. This would be true if the change in the equato-
rial imidazole value (4, = 6—7 MHz) is similar to the
factor of four reduction in the amine value when shifted
to the axial position.

Fukui and co-workers have shown that ESEEM can
distinguish among equatorial amine, imine, and thio-
cyanate ligands. By matching their spectra to theoreti-
cal simulations, these workers determined that the
values for the superhyperfine coupling was different in
each case. Amines (4, =4.98-5.10 MHz) were found
to have smaller couplings than imines (4, =5.78-5.83
MHz), which in turn had smaller couplings than thio-
cyanate (4, =7.47 MHz) [68]. It is interesting to note
that the imine values, obtained from the salen and
salophen ligands, are not quite in the range associated
with values for imidazole.

Another model complex study by the Fukui group
focused on imidazole-containing complexes as possible
models for the reduced vanadium bromoperoxidase
[69]. ESEEM of VO(Himac), showed a single pair of
Am; = + 2 lines, representing a superhyperfine coupling
of equatorial imidazole ligation. The modulation fre-

quencies observed were similar to those seen for rV-
BrPO [67], and so the presence of two equatorial
imidazole ligands to VO in rVBrPO was inferred. EPR
model complex work was employed by Smith and
co-workers to refine the interpretation of the rVBrPO
EPR parameters. The results indicate that such coordi-
nation is possible [20], although, the model complex
crystal structures contained therein suggest that the
imidazoles in VO(Himac), may have different orienta-
tions to the vanadyl unit than proposed by Fukui. In
the same communication, Fukui et al. attempt to distin-
guish between imine and imidazole coordination in the
ESEEM by adding acid to VO(SalimH)(acac) and ob-
serving which peaks disappear. Upon addition of acid,
two of the four observed peaks completely vanish,
confirming that one nitrogen ligand is protonated and
no longer bound. Since, the peaks that remained were
at the same modulation frequencies as those observed
in the ESEEM of VO(Himac),, it was concluded that
the imine had been protonated. As both pairs of peaks
represent similar superhyperfine couplings, these cou-
plings cannot distinguish directly between them. How-
ever, the previously reported 'V hyperfine coupling
constant, re-evaluated in light of the imidazole orienta-
tion data, may confirm this conclusion. Upon protona-
tion, the A, value increases by 4 x 10~* cm "' [70].
This value is closer to the contribution difference be-
tween water and an imine ligand (A4 =54 x10"*
cm ~ ') than the difference between water and the newly
established additivity contribution from imidazole
(A4 =13x10"*cm ™),

Recent work by the Fukui group also seeks to distin-
guish nitrogen donors. The ESEEM of a vanadyl model
complex with amidate nitrogen coordination was stud-
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ied [71]. Since, the observed superhyperfine coupling is
indistinguishable from imidazole (4,=6.7 MHz), an-
other method of analysis is necessary to distinguish the
two. Fukui and co-workers found that the nuclear
quadrupolar coupling parameters, ¢?Qqg/h and #, can
distinguish amidate from imidazole. The reported val-
ues were, e>Qq/h=2.5 MHz and » = 0.04 for the ami-
date versus e?Qq/h=22 MHz and #5=0.64 for
imidazole [69]. The orientations of the quadrupolar
tensor axes with respect to the V-N bond direction, was
found to be different for the two classes of compounds
[71]. This discovery is potentially applicable to
difficulties in distinguishing other types of ligands as
well, such as the imine—imidazole case above.

Dikanov and co-workers took advantage of the fact
that larger coupling constants (9—10 MHz) from nuclei
with spin /=1/2 produce only a very weak ESEEM
effect, to determine the coupling from the remote nitro-
gen of imidazole [72]. '*N-labelled imidazoles was used,
and as the couplings for >N are proportionally larger
than for *N, the hyperfine couplings from the nitrogen
directly bonded to the vanadium (6—-7 MHz for “N)
were not detected. The only couplings observed for
VO('*N-imidazole), were small, at values of 0.28—0.57
MHz, which would correspond to ca. 0.3 MHz for *N.
This is lower than the directly bonded nitrogen by a
factor of 20, and similar to findings with complexes of
other metals. Dikanov has also used isotopic substitu-
tion to determine that free histidine will bind in the
equatorial plane to vanadyl through both amine and
imidazole moieties [73]. HYSCORE was employed in
this study to verify the assignment of the myriad of
nitrogen peaks present in the ESEEM. In fact, this
work stands as a remarkable example of the power of
the HYSCORE method, when applied carefully, to sort
out extremely complex ESEEM data.

4.3. Biological systems

Zhang and co-workers have used the vanadyl ion as
a probe of S-adenosylmethionine synthetase [74]. In this
system, vanadyl can be substituted specifically for one
of the two native Mg>* cations. Most catalytic activity
is retained so long as Mg>™ is present in the second
site. An equatorial amine donor was observed, with A4,
values ranging from 4.3 to 5.4 MHz, in those complexes
that contained phosphate in some form (ADP or ATP,
or tripolyphosphate). Blanket isotopic substitution of
5N in the enzyme was employed to distinguish whether
the amine ligand was from the enzyme (in which case
the ESEEM peaks for N would disappear, as they in
fact did) or from the methionine substrate. With the
specific isotopic substitution into lysine, it was deter-
mined that the binding amine is from a lysine residue of
the enzyme in all cases save the final intermediate. In
that case, where no form of phosphate is included in

the active site complex, the ESEEM spectrum was
unchanged with '*N substitution into the entire protein.
Instead, the use of >N at the o-amino position of the
methionine moiety of the product AdoMet showed that
that nitrogen was now an equatorial ligand. Thus,
ESEEM allowed for the observation of a change in
coordination in a manner that cannot be observed with
EPR, due to the similarity of the ligands.

Houseman et al. have also used ESEEM to study
vanadyl chloroplast F,-ATPase [75]. Before the confir-
mation of the axial effect on the superhyperfine cou-
pling, this combined EPR and ESEEM analysis allowed
the authors to postulate that an axial amine donor was
involved, as the interpretation of the EPR data placed
the vanadyl ion in the proper position for a lysine to
bind axially. ESEEM data later provided strong sup-
port for this assignment, using the model complex
study described above.

Dikanov and co-workers used ESEEM to confirm
imidazole ligation of vanadyl in the high-affinity bind-
ing site of D-xylose isomerase [76]. In this case, vanadyl
ion is an inhibitor of the enzyme. In addition to the "N
peaks, these researchers analyzed peaks from 'H modu-
lations, which typically appear above 10 MHz. The
large superhyperfine couplings found from the protons
confirmed the conclusion, based upon the *N peak
assessment, that the imidazole is indeed coordinated in
the equatorial plane. This study is notable for two
reasons in addition to its immediate biological signifi-
cance. First, the employed four-pulse ESEEM to study
the proton couplings. This method is one-dimensional
version of the HYSCORE sequence, in which ¢, =1,
and in which these two delays are varied together while
the stimulated echo is monitored. This yields an ES-
EEM spectrum that has the additional information
content (i.e. sum and difference frequencies) of two-
pulse ESEEM, but in which the echo decay is very
much slower, yielding enhanced resolution in the fre-
quency domain. Second, usually detailed description is
provided for the simulation of a very complex two-
pulse ESEEM spectrum of the histidine-based, equato-
rial nitrogen ligand. This paper should therefore be of
considerable use to investigators of similar systems.

Gerfen et al. studied horse apo-ferritin with vanadyl
ion added [77]. A competitive binding study was used
to determine that vanadyl and Fe** compete for the
same binding site. The ESEEM showed the presence of
a nitrogen donor with a large superhyperfine coupling
constant of 7.1 MHz, indicative of equatorial imidazole
ligation. Upon substituting D,O as the solvent, a sig-
nificant amplitude reduction occurred in the proton
modulation frequencies, leading to the conclusion that
water is also bound in the equatorial plane. Grady et al.
have used a combination of site-directed mutagenesis
and CW EPR to show that His 118 is the likely source
of the YN ligand to vanadyl, which was previously
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detected by ESEEM. His 118 lies on the outer surface
of the protein, near the entrance to the three-fold
channel. Vanadyl bound at this site is thought to give
rise to the so-called ‘B’ signal in the EPR spectrum [78].

Petersen and co-workers have taken advantage of the
ease of nitrogen ligand identification provided by
ESEEM to investigate vanadyl-substituted imidazole
glycerol phosphate dehydratase. The vanadyl ion in this
case is not being used as a substitute for an active site
metal, but for divalent cations, which assemble the
enzyme into its highest molecular weight form. The
presence of an equatorial imidazole ligand was easily
established, and poorly resolved peaks at lower modu-
lation frequencies may be the result of a second imida-
zole, coordinated axially [79].

Buy et al. have used ESEEM and HYSCORE of
vanadyl to study the Mg?>* binding sites of bacterial
TF1-ATPase. The vanadyl-substituted enzyme did re-
tain some activity, but only 12% of that of the Mg-
ATPase. Previous EPR studies had established moder-
ately low A, values implying at least one nitrogen
ligand. With multiple nitrogen ligands with a close
similarity in modulation frequencies and superhyperfine
couplings, the HYSCORE plots were necessary to as-
sign the peaks properly. Two nitrogen ligands were
found—an equatorial amine and an equatorial imida-
zole. ESEEM peaks attributable to *'P were also seen,
and were distinct from the nitrogen modulation fre-
quencies observed [80].

Further studies by the Zimmermann group focused
on subunits of the TF1-ATPase [81]. Again using both
ESEEM and HYSCORE, the o and B subunits were
both found to bind vanadyl through an equatorial
amine donor. The o, hexameric fragment was, how-
ever, similar to the whole enzyme in that superhyperfine
couplings attributable to both equatorial amine and
imidazole ligands were observed.

A recent collaboration between the Dikanov and
Orvig groups used ESEEM and HYSCORE to find
vanadium coordinated to phosphate in the bones of
diabetic rats fed the vanadyl complex with BEOV [82].
Examination of the HYSCORE cross peaks allowed for
the identification of three different environments for *'P
atoms near vanadium (Fig. 13). These couplings are
similar to those previously reported [47,80]. A weak
proton hyperfine coupling was also observed, and was
assigned to water or hydroxide completing the coordi-
nation sphere.

Fukui et al. have also used ESEEM to study the fate
of vanadyl complexes in vivo, starting with vanadium
in the form of vanadyl-histidine [83] and vanadyl
bis(picolinate) [84]. A survey with EPR and ESEEM
showed that in none of the organs observed (kidney,
liver, bone) did the complex remain intact. Although,
the EPR hyperfine coupling values were close for kid-
ney and liver, the ESEEM showed that the vanadium is

actually bound to an amine, not an aromatic imine.
Their EPR 4| value for bone (173.5x 10~* em ") is
comparable to Dikanov and Orvig’s findings (171 x
10~* cm ") [82]. For the ESEEM of bone, no modula-
tion frequencies due to *N were found, only those from
3P,

4.4. Summary of ESEEM capabilities

ESEEM so far has been most used for, and is best
suited towards, identification of nitrogen donors to
vanadium. Many different types of nitrogen donors can
be distinguished by the superhyperfine coupling. Axial
donation can be determined for amines and possibly
imidazoles or imines. Even those ligands with similar
couplings may be able to be resolved by analysis of
quadrupolar couplings. Phosphate donors can be iden-
tified by phosphorus modulation frequencies, which can
often be distinguished by their dependencies on applied
magnetic field. Nearby exchangeable protons can be
detected, whether they are from water or from protein
based sites, by exchange with denaturated solvent. The
presence of coupled, non-exchangeable protons, which
can be associated with the protein, substrates, or cofac-
tors, can also be identified by solvent exchange experi-
ments. Further, such couplings can be assigned
definitively in cases where specific deuteration (such as
by organic synthesis) is feasible. Complicated spectra
can be simplified by isotopic nitrogen or hydrogen
substitution and correct pairing of peaks can be deter-
mined by examining the cross peaks of the two-dimen-
sional, technique HYSCORE. The primary weakness of
ESEEM is in identifying oxygen donors, for which
other techniques that do not look upon the ligand
atom’s nuclear spin have to be used.

5. Conclusion

The three spectroscopic techniques discussed, EPR,
ESEEM, and ENDOR, are a powerful set of comple-
mentary techniques for identifying the surroundings of
the vanadyl ion. Although, at the present, none of them
is appropriate for all situations, the three combined
can, and have, defined the metal binding sites of several
complicated systems. In many cases one can substitute
the vanadyl ion for spectroscopically silent divalent
cations, particularly the biologically important Mg? ™",
Ca’", and Zn®*, and this approach will find many
more useful applications. A standard procedure is al-
ready being developed. EPR is first used to determine a
set of possible equatorial ligand environments. Then,
ESEEM is used to identify and position nitrogen-con-
taining ligands, as well as to identify nearby exchange-
able protons or phosphate ligands. ENDOR will then
confirm the nitrogen donors, the exchangeable protons
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(and perhaps distinguish oxygen donors alpha to non-
exchangeable protons), and identify the presence and
type of axial ligand. All three are even being used
outside biological systems, several studies of the struc-
tures of industrial catalysts have been reported [85]. As
these techniques continue to be used, their power to
characterize complex sites will undoubtably grow. This
is especially true for ENDOR. Even applications of the
additivity relationship continues to be refined so as to
prove more informative, and newer techniques such as
pulsed ENDOR promise to extend the applicability of
vanadyl as a biological probe.
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