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First-derivative electron paramagnetic resonance (EPR) absorption spectra of the vanadyFignngasses

of five different organie-aqueous cosolvent mixtures at 10 K are reported over the3¥.8 GHz microwave
frequency range. Whereas absorption features arising from-piaeallel andy-perpendicular components of

the ge tensor are overlapping at low frequencies, it is shown that they are completely separated at microwave
frequencies> 110 GHz. The analysis of the EPR spectra revealed that line-broadening is ghst&rain over

the 9.4-376 GHz range. EPR spectra of ¥Obound to bovine transferrin in a 1:1 molar ratio were also
compared at 9.4 and 110 GHz. The results for the*Qransferrin complex showed that absorption features
corresponding to thg-parallel andg-perpendicular components of tgtensor were similarly separated at

high frequency and that line-broadening was attributabtpdtvain. We show that line-broadening characteristic

of g-strain under conditions of lowg-anisotropy can be explained by & ¥, spin system in which the
principal g values are themselves the random variables described by a normal distribution. On this basis, it
is shown that line-broadening is proportional to the microwave frequency and the spread of each of the
principal values of thej. tensor.

1. Introduction ENDOR, particularly through angle-selected methbds>
g-anisotropy in the EPR spectrum can become an important
constraint. Whem-anisotropy is large, the electron spin vector
may not be oriented parallel to the applied field, and diagonal-
ization of the hyperfine tensor of ligand nuclei may be difficult.
On the other hand, for complexes wher@nisotropy is low,

the concept of a diagonal hyperfine tensor can be very useful
for spectral interpretation. Nonethelegsanisotropy must be
sufficiently large to obtain orientation dependent spectroscopic
data.

Becauseg-anisotropy of VG* is low, there is considerable
overlap of the parallel and perpendicular EPR absorption
components of V& at the usual operating microwave frequen-
cies of commercially available spectrometers. Although?vVO
can be employed as a paramagnetic probe for angle-selected
ENDOR®18 at low microwave frequencies, the overlap of

The oxovanadium(IV) or vanadyl (VO) ion is one of the
most stable diatomic ions known, and electron paramagnetic
resonance (EPR) absorption of ¥Oin condensed phases is
observed from cryogenic temperatures to room temperature.
There are special advantages in the use ofV&s an EPR
probe of biomolecular structure when compared to other
paramagnetic metal ions. \Ocan be substituted for a variety
of divalent metal ions in metal-activated enzymes and metallo-
proteins!—® The free, solvated vanadyl ion, existing as the [VO-
(H20)s]?* species at low pH, ionizes in the neutral pH region
to form an EPR-silent, polymeric VO(OkKspecies, and the
EPR signal intensity is proportional only to ¥Obound to
nonsolvent ligands or macromolecules in the pHLA regiont®
Consequently, spectra are not complicated in the neutral pH

ca?AOQVZﬁ;SJLtlgrrlzs%itxieena%%%rr]gtiirr]\dfé;ﬁrst)eCIeS ofVO parallel and perpendicular absorption features is restricting, and
N ) : . their complete separation, as could be obtained under high

A major limitation of EPR for probing structural details of 2 yagneic field conditions, would constitute a decisive advantage
paramagnetic site is the failure to resolve superhyperfine fo sirctural analysis. However, high microwave frequencies

couplings of nearby magnetic nuclei that cause broadening of ;. expected to lead to line-broadening, a phenomenon known
the EPR absorption through their interaction with the unpaired asg-strain1®2°and broadening may result in decreased resolu-

electron spin. Resolution of hyperfine interactions can be tjon 1o identify conditions where these opposing effects are
achieved by application of elec_:tron nuclear double resonance limiting for application of angle-selected ENDOR, we have
(ENDOR) spectroscopy, as first demonstrated by Féher, jyestigated the spectroscopic behavior of &Qinder high

leading to a detailed description of the molecular structure of \4netic field conditions in frozen glassy matrices formed from
the paramagnetic site. However, for structure determination by organic-aqueous cosolvent mixtures and in a protein at

cryogenic temperatures.

* Corresponding author. Tel: 773/702-1080. FAX: 773/70239. We report here the results of our investigations, showing that
E-mail: m-makinen@uchicago.edu. . . .

t University of Chicago. there is complete separation of the pa_rallel and perpenqllcular

*Florida State University. EPR absorption components of ¥Cat microwave frequencies

10.1021/jp991287t CCC: $18.00 © 1999 American Chemical Society
Published on Web 12/03/1999



11280 J. Phys. Chem. A, Vol. 103, No. 51, 1999 Mustafi et al.

>110 GHz and that line-broadening can be considered asat 300 K and 1& spins mT ! at 5 K with a time constant of 1
essentially due only tag-strain for both the [VO(HO)s]2" s24 Calibration of the magnetic field was achieved with use of
complex in organieaqueous cosolvent mixtures and for the a powder sample of Mit (in MgO) according to the procedure
VO?Z" ion bound to the serum transport protein transferrin. of Burghaus et af®

Physical mechanisms giving rise to static structural disorder of EPR absorption spectra at X-band were recorded with use of
the inner-shell coordinating ligands are discussed as the origina Bruker ESP 300E spectrometer equipped with a;pM

of g-strain, and it is suggested that the extenigedtrain for cylindrical cavity, Oxford ESR910 liquid helium cryostat, and
VO?* in a metal ion binding site of a protein may reflect its ESP 3220 data system, as previously descridédlypical
structure and conformation. The results also indicate that high experimental conditions for X-band EPR measurements: sample
magnetic fields should provide an incisive advantage for temperature, 10 K; microwave frequency, 9.44 GHz; incident
structural analysis with V& as the paramagnetic probe through microwave power, 64W (full power, 640 mW at 0 dB);

application of angle-selected ENDOR. modulation frequency of the laboratory magnetic field, 12.5 kHz;
modulation amplitude, 0.05 mT. The magnetic field was
2. Experimental Methods calibrated with use of a small sample of DPPH.

At both X-band and high microwave frequencies, care was
taken to ensure that EPR spectra were collected under nonsat-
urating conditions of the incident microwave power. At 95 and
110 GHz under conditions of high levels of incident microwave
power, rapid passage effects were evident in the spectra,
comparable to the observations reported by Reijerse and co-
workers?® At these frequencies reduction of the incident
microwave power to levels less than 100/ was sufficient to
avoid these complications. At second and higher harmonics of
the fundamental frequencies, rapid passage effects were not
observed.

Spectral Simulations.Simulations of EPR spectra collected
under X-band and high-frequency conditions were carried out
with use of the program WINEPR2.11 (Bruker Instruments, Inc.,
Billerica, MA) according to second-order perturbation theory.
Initial estimates of the spectroscopic parametgrsd, Ao, A,

ABp, AB;) were obtained on the basis of visual comparison of
the simulated spectrum with the experimental spectrum. The
parameters were then refined further by least-squares minimiza-
tion of calculated and observed spectra in their first-derivative
form. On this basis it was found that spectral simulation on the
basis of Gaussian functions rather than Lorentzian functions
yielded the best fit at all microwave frequencies. When fitting
on the basis of superpositioned Gaussian and Lorentzian
functions was attempted, the agreement of simulated results with
experimental results was invariably less good for values of
ABPPL/ABPP; > 0.1. Consequently, spectral simulations are
reported only on the basis of Gaussian functions. Spectral
simulations were carried out for conditions of axial symmetry
of the ge and A tensors of the V&' ion. Within the accuracy

of fitting simulated to experimental spectra, we estimated that
deviations from axial symmetry less thai.001 ing and+3.0

Sample Preparation. Vanadyl! sulfate hydrate, anhydrous
sodium bicarbonate, methanol, dimethyl sulfoxide (DMSO),
N,N-dimethylformamide (DMF), and 1,10-phenanthroline were
purchased as analytical reagents from Aldrich Chemical Co.,
Inc. (Milwaukee, WI) and were used as received. All solvents
were spectroscopic grade 99.9%). DO (99.8 at. % D) and
CD3;0D (99.8 at. % D) were obtained from Cambridge Isotope
Laboratories, Inc. (Woburn, MA). Iron-free bovine transferrin
(98%) was purchased from Sigma Chemical Company (St.
Louis, MO).

Concentrated stock solutions of YO were prepared by
dissolving vanady! sulfate hydrate in a small volume ofOH
or D,O under a nitrogen atmosphere. An aliquot of the stock
solution was then diluted with methanol, DMSO or DMF, and
water, also under a nitrogen atmosphere, to the final desired
concentration, generally 0.01 M in VO

Iron-free bovine transferrin was thrice dialyzed over a period
of 24 h against a 0.1 M NaCl solution buffered with 0.02 M
HEPES to pH 8.0 containing 1M 1,10-phenanthroline. This
treatment was followed by exhaustive dialysis against the
HEPES/NaCl buffer without 1,10-phenanthroline to remove the
metal chelator. The protein concentration was measured spec
trophotometrically at 280 nm using 81 000 as the molecular
weight and arkq, value of 11.41 The concentration of vanadyl
sulfate was determined gravimetrically or spectrophotometrically
at 760 nm using a molar extinction coefficient of 17.6"M
cm~1.2223 Complexes of transferrin with V& were prepared
by adding the requisite amount of vanadyl sulfate hydrate
dissolved in a small quantity of 4 or D,O to the protein in
0.1 M NaCl under a nitrogen atmosphere buffered with 0.02 M
HEPES to pH 8.0. An aliquot of a NaHG@olution was added
to a final concentration of 0.01 M. For EPR and ENDOR studies, % 104 cm~t in A could not have been detected. These values

. . 3

a protein concentration O_f“l'o x 107> M was used. are within the range of errors associated with experimental
EPR Spectroscopy. High-frequency EPR spectra were yatermination of these parameters.

recorded with use of a custom-built spectrometer based on an

Oxford Instruments Teslatron 17 T superconducting magnet 3 pagyits

capable of fast field sweeps. As the microwave radiation source,

two Gunn oscillators were used operating at 95 or 110 GHz, VO?" in Organic—Aqueous Cosolvent Mixtures. The
respectively. Each of the oscillators was equipped with a paramagnetism of V& is well behaved, having its origin
Schottky diode harmonic generator and a set of appropriate high-almost entirely in spin angular momentum. EPR absorption of
pass filters to generate higher frequencies. Details of this VO?" is observed over a wide range of temperature and is
apparatus are described elsewlér@he spectrometer was characterized by axially symmetrige and A tensors2’-28 In
equipped with an Oxford Instruments CF-1200 helium-flow frozen solutions at cryogenic temperatures, the powder pattern
cryostat. Typical conditions for spectral data collection: sample EPR absorption spectrum of th®< /) VO?2* ion is composed
temperature, 10 K; rate of field sweep, 25 mT/min; modulation of eight parallel and eight perpendicular features due to
frequency of the laboratory magnetic field, 8 kHz; modulation hyperfine (hf) coupling with thel (= 7/,) vanadium nucleug-2°
amplitude, 0.5 mT. Incident power varied with the operating  Figure 1 illustrates the first-derivative EPR absorption
frequency. The spectrometer was operated without a resonatoispectrum at 9.5 GHz for V& in protiated and perdeuterated

in a single-pass mode. The detection sensitivity of this config- methanol:water cosolvent mixtures. Although the parallel and
uration has been shown to be of the order of*Kpins mT? perpendicular absorption features overlap, it is seen that the



High-Frequency EPR of V& J. Phys. Chem. A, Vol. 103, No. 51, 19991281

a
1 i i i }
34 35 36
b
9,
| :
1 n 1 N 1 i 1
10.2 10.3 10.4 105
c
9,
l gll
[ ] L | x 1
| , | . | . 136 13.8 14.0
0.30 0.35 0.40 Magnetic fiefd (T)
Magnetic field (T) Figure 2. High-frequency EPR spectra of Oin CH;OH:H;0 (10:

Figure 1. First-derivative EPR absorption spectra of %Gon at 9.44 90 v/v) glass at three different frequencies: (a) 93.57 GHz; (b) 282.10
GHz in (a) CHOH:H,O and (b) CROD:D,0O (10:90 v/v) cosolvent GHz; (c) 376.62 GHz. The final concentration of ¥Owas 0.01 M,
mixtures: (solid line) experimental spectrum; (dotted line) simulated and the spectra were collected at 10 K. The approximate positions of
spectrum. The final concentration of ¥Owas 0.01 M, and the spectra  the principal components of thg tensor are indicated by arrows.

were collected at 10 K.

spectrum is dominated by anisotropy in the vanadium nuclear
hf coupling. Comparison of the spectrum of ¥Oin the
protiated solvent to that in the perdeuterated medium shows
that the line width of the—3/, perpendicular EPR feature, as
the best separated component, decreases, as observed¥&éflier.
The line widths estimated through spectral simulations in Figure
1 were 1.14 mT for V@' in the protiated solvent and 0.7 mT
in the perdeuterated solvent. From analysis of the X-band
continuous wave power saturation curve of &Q@ccording to
Castner? we estimated the value of the inhomogeneity param-
eter ABPP/ABPP; to be ~0.016. On this basis, the relaxation
determined line width is estimated to be not greater than 0.02
mT. We conclude that the observed line width in Figure 1 must
be due primarily to vanadium nuclear hyperfine and unresolved * 68 5.9 70
solvent superhyperfine (shf) interactions.

In Figures 2 and 3, we compare EPR spectra oV a
methanol:water (10:90 v/v) cosolvent mixture at four different Figure 3. Comparison of experimental and simulated EPR spectra of

: : . _VO?" in CH;OH:H;O (10:90 v/v) at 187.11 GHz: (solid line)
microwave frequencies. While overlap of parallel and perpen experimental spectrum; (dotted line) simulated spectrum. The com-

dicular .absorptlon featu.res IS ,St'” ev'dent. at 94 GHz, the parisoniis provided to indicate the general quality of spectral simulations
separation between the highest field perpendicular and the |0W95gt high frequencies. In this case, the best least-squares fit was obtained
field parallel components becomes complete at frequencieswith ABPP values of 4.9 mT for perpendicular components and 12.0
>110 GHz. The lines are considerably broader under high- mT for parallel components. Other conditions were as in Figure 2.
frequency conditions than observed in Figure 1. The change in
the unresolved shf broadening from the protiated solvent the influence of DMSO:water and DMF:water cosolvent mix-
compared to that from the perdeuterated solvent could not betures, varying the relative amount of each cosolvent. The line
detected, showing that it no longer provided a significant widths for VO** in DMF:water and DMSO:water mixtures were
contribution to the line width, in contrast to the effect seen in uniformly larger than those in the methanol:water systems.
Figure 1. To better understand the physical origins of line- Independent of these observations, we also noticed markedly
broadening, we have investigated the influence of the matrix increased absorption of millimeter and submillimeter radiation
of frozen glasses on line-broadening at high frequencies in by the frozen DMSO:water and DMF:water systems compared
considerable detail. We have also compared at 9.44 and 110to methanol:water, particularly at frequencie826 GHz. We
GHz the line width of VG* bound to the serum transport protein  attributed these changes to increased dielectric loss. The limited
transferrin. amount of power reaching the detector under these conditions
In addition to the influence of methanol:water cosolvent also resulted in significant deterioration of the signal-to-noise
mixtures illustrated in Figures 2 and 3, we have also examined ratio during spectral data collection.

[l N 1 L 1

Magnetic field (Tesla)
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TABLE 1: Spectroscopic Parameters Characterizing EPR
Spectra of VO?* in Organic-Aqueous Cosolvent Mixtures

30+
} solvent system g2 o oP o AR AR
’ CH;OH:H,O 1.934 1.976 0.00144 0.00061-179.7 —67.4
(10:90 viv)
DMSO:H,O 1.932 1.973 0.00176 0.00106-175.0 —64.5
20| (90:10 v/v)
—_ DMSO:H,O  1.932 1.973 0.00189 0.00102-175.9 —65.4
= (50:50 v/v)
é DMF:H0O 1.936 1.975 0.00210 0.00085-179.0 —66.4
g (90:10 v/v)
% DMF:H0O 1.936 1.976 0.00221 0.00082-177.2 —66.4
10F (50:50 viv)

2 The principal components of tlggand A tensors are defined ap
= O 00 = (O T 0y)/2 and Ay = A Ag = (Ax + Ap)/2. Hfc
components are given in units of (A@m. Uncertainties of£0.001
in g and of+3.0 x 1074 cm™* in A were determined by simulation of
each EPR spectrum over the microwave frequency range-3.48.6

il 1 1 . | L
00 100 200 300 400 GHz."Values of ¢ for g, and g, were obtained from the linear
dependence oAB? on frequency in the range 9.4876.6 GHz (cf.
Frequency (GHz) Figure 4). The peak-to-peak line widths were determined from spectral
simulations. Uncertainties i andon were+0.00010 andt:0.00005,

Figure 4. Plots of the parallel and perpendicular EPR absorption
components of V& in two different solvent mixtures versus operating

EPR frequency. The solid lines are for ¥0in CH;OH:H,O (10:90 . . . . .
vv), and the dotted lines are for VO in DMF:H,O (50:50 VAV). line-broadening phenomenon illustrated in Figure 4, we have

Triangles and circles represent the parallel and perpendicular line Parametrized spectral simulations so as to quagtéyrain. The
widths, respectively, for V& in CH;OH:H,O (10:90 v/v). Diamonds ~ parameter characteristic gfstrain is labeleds in Table 1 and
and squares represent the parallel and perpendicular EPR line widthsjs proportional to the slope in Figure 4. Valuesopfandop are
respectively, for VG" in DMF:H,O (50:50 v/v). Line widths were  correspondingly associated with each segyaindgn values of
estimated through spectral simulation, as shown in Figures 1 and 3.\yO2+ for each cosolvent mixture. The physical originofs
Th(_e straight Ilnes represent linear Ieas_t-squares fits to the line width a measure ofy-strain and static structural disorder will be
estimates at high microwave frequencies orty90 GHz) and were discussed later
not constrained to pass through the origin. . : ) L .

VO?2* in Transferrin. Transferrin is a monomeric glycopro-

In Figure 4 we have plotted the line widths of parallel and tein of approximately 81 000 molecular weight responsible for
perpendicular absorption features for %0n DMF:water (50: transport of F& in mammalian blood and exhibits a protein
50 v/v) and methanol:water (10:90 v/v) cosolvent mixtures, folding pattern of two lobes or domains, each of which contains
estimated through spectral simulations. The DMF and methanol a metal ion binding sité' 38 Since the binding sites in each of
glass systems exhibited, respectively, the largest and smallesthe two domains exhibit close structural similarity both within
line-broadening influence. The plot illustrates a linear depen- the same species of transferrin and among different species of
dence of line width on microwave frequency for both compo- transferrin, functional differences among the members of the
nents at high frequencies. The line widths observed fofPVO transferrin family must be due to variations in the interactions
in DMF:water (90:10) and DMSO:water (50:50 v/v) showed a of the two domains with each other dependent upon primary
similar linear dependence, which was intermediate between thatstructure’-38
exhibited by the two cosolvent mixtures illustrated here. Chasteen and co-workers have characterized the metal ion

In Table 1 we have summarized spectroscopic parametersbinding sites with use of V& as a paramagnetic probe in the
characterizing EPR spectra of YO in organic-aqueous presence of various anionic ligands, showing that the binding
cosolvent mixtures, determined through spectral simulations overof VO?* at each site is essentially stoichiomef#2:23The two
the 9.44-376.6 GHz range. Under the highest field conditions, sites, termed A and B, exhibit equivalent metal ion binding
the largest line widths of the perpendicular EPR absorption affinities and are noninteracting. In binding ¥Qthe A and B
components were estimated to be of the order of 8.0 mT. If we sites differ slightly according tg andA values. Since the two
consider this to represent the maximum difference in the field binding sites exhibit a 0.6 A root-mean-square displacement of
positions of two overlapping absorption components dugcto  atom pairs between the two domains while having the same set
andgy, the detectable upper limit for deviation of thetensor of donor ligand groups from the proteifithe differential values
from axial symmetry ¢« — g,) can be no greater than 0.001. of g and A indicate that the electronic structure of ¥Ois

respectively.

Correspondingly, if we assume that the line width of th&, particularly sensitive to small structural differenéés®
perpendicular component in the X-band spectrum of2vVO Figure 5 compares the EPR absorption spectra of th&"'vVO
represents the maximum difference betwegnand Ay, the complex of bovine transferrin at 9.44 and 109.9 GHz. Both
detectable upper limit for deviation of the vanadium hyperfine spectra derive from a solution of the protein to wha1 molar
tensorA from axial symmetry & — A)) is <3.0 x 104 cmL, equiv of VO** was added followed by addition of HGQ as

These limits are within the experimental error associated with described in the Experimental Methods. For human transferrin
determining these parameters. On this basis, we conclude thatn the absence of P&, Chasteen and co-workers have demon-
simulation of spectra under conditions of axial symmetry of strated that V@' is distributed equally into both A and B
the ge and A tensors is justified. binding sites when added to the protein in 1:1 or 1:2 molar
In Table 1 the principal components of thgandA tensors equiv® It is seen in the upper part of Figure 5 that the EPR
are nearly identical for all five cosolvent mixtures, underlining absorptions are each split into two features indicative of two
the internal consistency of the data collected over a wide rangedifferent binding sites. As shown in the X-band spectrum of
of frequency with two different spectrometers. To describe the Figure 5, the A and B sites are better resolved for bovine
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a TABLE 2: Spectroscopic Parameters Characterizing EPR
Spectra of the VO?**—Bovine Transferrin Complex
complex af o AR AR ABPRP ABPRP
site A
VO?":TFN (1:1) 1.938 1.973-168.0 —57.5 1.0 1.¢
VOZ:TFN (1:1) 9.0 48
site B
VO?":TFN (1:1) 1.9375 1.978-170.0 —54.0 1.0 1.0¢
VO2H:TFN (1:1) 9.0 48

2 The principal components of tlggand A tensors are defined ap
= O 00 = (O T 0y)/2 and Ay = A Ag = (Ax + Ap)/2. Hfc
components are given in units of (J@m. Uncertainties of£0.001
ing, £2.5 x 104 cm™ in A, and+(0.8-1.5) x 104 cm*in Ay
were obtained by simulations of EPR spectra at 9.44 and 109.9 GHz.
b The peak-to-peak EPR line widths for the parallel and perpendicular
features are estimated from spectral simulations and are expressed in
mT. Uncertainties in line widths wer£0.0003 andt0.0001 mT for
AB, andAB, respectively® These parameters are estimated from the
EPR spectra of the VO:TFN (1:1) complex recorded at 9.44 GHz.
dThese parameters are estimated from the EPR spectra of thie VO
TFN (1:1) complex recorded at 109.9 GHz.

: compromise. Thus, the simulated spectra in Figure 5 are
4'0 : 4'1 calculated on the basis of the set of parameters for sites A and
Magnetic field (T) ' B in Table 2 which provided the best fit simultaneously to
spectra collected at X-band and high-field conditions.
complex at (a) 9.44 GHz and (b) 109.94 GHz. The final concentration . In Figure 5 there IS_ConSIderany greater dlscre_pan_cy between
of VO?+ was 1x 10-2 M, and the spectra were collected at 10 K. In  Simulated and experimental spectra than seen in Figur&s 1
the lower panel, the simulated spectra for A and B sites are illustrated The spectra of V@& in methanol:water mixtures, however,
separately to show how they differ from the experimental spectrum derive from a collection of essentially homogeneous sites of
while there is good agreement between the composite B} spectrum VO?2*, randomly distributed throughout the sample, with each
with experiment: (a) £) experimental spectrum,-() simulated Q2+ jon surrounded by an axially symmetric array of chemi-
spectrum; (b) ) experimental spectrum (the simulated spectra for cally identical oxygen-donor ligand&.The good agreement

site A and for site B are illustrated above the experimental spectrum bet . tal ¢ d simulated h h that
and are labeledite Aor site B respectively), {+) composite spectrum etween expenmental specira and simulated spectra shows tha

by addition of spectrum A to spectrum B. It is evident from the diagram the physical model of V&', as reflected by the parameters in
that the simulated spectrum of site A or of site B alone cannot account the calculations, accounts adequately for experimental observa-
for the observed spectrum. To test for the best fit of the summed spectraltion. In transferrin the donor ligand groups from the protein,
contributions of sites A and B to the experimental spectrum, we varied consisting of an aspartyl, two tyrosinyl, and a histidinyl residue,
the relative weighting of site A and site B spectra so as to match the in addition to the bicarbonate ligand, are chemically heteroge-

composite simulated line width to the observed line width. The summed neous and must be differentially influenced throuah domain
contributions with weighting site A:site B spectra in either 60:40 or y g

40:60 ratios produced poor matching to the observed line width while domain interactions in view of the observed splitting of spectral
weighting in 55:45 or 45:55 ratios yielded equally good matches to features. Also, partitioning of V& into two sites may deviate

the observed line width but nonetheless less well than 50:50 weighting. slightly from a strict 50:50 ratio. On this basis, the discrepancies
We consequently concluded that the best fit was obtained by weighting between experimental and simulated spectra in Figure 5 are not
site A and site B contributions equally. unexpected. However, we note that the differences between the
composite simulated spectrum and the experimental spectrum
can be attributed almost entirely to the relative peak-to-peak
amplitudes of the vanadium hf components. Not only does the
composite simulated spectrum account well for almost all of
the turning points at proper field settings for both high and low

on interdomain interactions of the two homologous proteins =~ . f giti but al h i
since the liganding amino acid residues are invariant for different microwave frequency conditions, but also such agreement was
obtained only within a relatively narrow range of parameter

species’38 Demonstration of the splitting of EPR absorption values, i.e., principal components of theandA tensors and
features, nonetheless, clearly shows that two, nonequivalent,. T ! )
y q line width, that could be fitted to X-band and high-frequency

metal binding sites exist in bovine transferrin as in human K . . .
J spectra simultaneously. On this basis, we conclude that line

transferrin®-22 idth estimat btained by simulati f YO -transferri
In Table 2 we have summarized the spectroscopic parameterswI estimates obtained by simuiation o ransterrin

characterizing the A and B binding sites of ¥Oin bovine spectra in Figure S accurately reﬂe.Ct .the relative broadening
transferrin estimated on the basis of spectral simulations. While influence of the microwave magnetic field.

a decrease in the valuesAfto —165.0x 104 and—167.0x
104 cm1 for sites A and B, respectively, brought a slightly
improved fit for the high-frequency spectrum, the fit to the Coordination Environment of VO 2+ in Organic —Aqueous
X-band spectrum suffered noticeably, particularly in the region Cosolvent Mixtures. In purely aqueous solutions at pK 2.5,

of the lower field components. Since this decreastiis within V0?2t is found as the [VO(KD)s]2t complex in which there
the error of determining spectral parameters, we concluded thatare four equatorially positioned;® molecules and one axially
a common set of parameters that produced the best fit to bothlocated HO molecule within the inner coordination sphere. We
X-band and high field spectra simultaneously was the best have shown earlier throughH and 3C ENDOR studies that

Figure 5. EPR spectra of the VO—transferrin (1:1 molar equiv)

transferrin in the high-field region under X-band conditions. In
contrast, A and B sites are better resolved for human transferrin
in the low-field regior® These subtle spectral differences are
likely to be due to variations in the influence of primary structure

4, Discussion
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the equatorial positions are occupied only byCHmolecules Since VG is characterized b = /5, distribution of values

in methanol:water mixtures containing greater than 3% (v/v) of the zero-field parametei3 andE, as observed for high-spin
H,0, while there is a mixture of complexes having either an Fe&"™ complexes of protein®, is not operative. Although
H,O or a CHOH molecule in the axial position trans to the correlations ofg and A values have been noted for YO
vanadyl oxygert® As the HO content increases relative to  complexes, mechanisms of-strain underlying line-broadening
methanol, the axial liganding position in the inner coordination would be expected to have equivalent contributions for each
sphere of the V&' ion becomes increasingly occupied by an cosolvent environment in Figures-# since the inner coordina-
H,O molecule. We can, therefore, conclude that2V/@xists tion sphere corresponds only to that of the [VQQHE]?" ion.
almost entirely in the form of the [VO#D)s]>" complex with Froncisz and Hyde observed am dependence of line width
no more than 10% (v/v) methanol in the methanol:water together withg-strain in EPR spectra of square-planar’Cu
cosolvent mixtures used in this investigation. complexes in glassy matrices in the microwave frequency range

Employing comparable ENDOR methodology to characterize ©f 2-9 GHz In the frequency range of our studies, np
the solvent coordination environment of ¥0in DMF:H,0 dependence on microwave frequency could be established in
and DMSO:HO mixtures, we have observed resonance features EPR spectra of V& within the quantitative limits stated for
that are characteristic only of equatorial and axial OH groups analysis of spectra through simulations. Effect3 pfelaxation
of water molecules, identical to those observed for the [vO- ©n line-broadening can be ruled out since we have shown that
(H,0)5]2* complex in methanol:water mixtures, certifying that this cannot be an important c_:ontnl:_)utlo_n to the I|_ne vy|dth at
there are no DMSO or DMF molecules as inner-shell coordi- X-band. Also, the linear relationships illustrated in Figure 4
nated ligands (D. Mustafi and M. W. Makinen, unpublished demonstra_te that_ the contri_bution of this foect is ne_glig_ible, if
observations). Since line-broadening may arise from distortions @ny- On this basis, we assign the effect illustrated in Figure 4
of the matrix and from alterations in ligand composition and 0 g-strain, a term first introduced by Anderson and co-workers
geometry within the inner coordination shell of the metal ion, {0 describe the broadening mechanism observed in EPR that is
these observations affirm that the EPR spectra ofV/ion in linearly depend_ent on microwave frequency or magnetic field.
the five different cosolvent mixtures employed in this investiga- V& have pointed out above that the 10:90 (v/v) methanol:
tion derive only from the [VO(HO)J2" complex. Therefore, ~ Water glass was associated with the narrowest line widths while

line-broadening, observed as a linear function of the operating th€ line widths observed for V& in DMF:water or DMSO:
microwave frequency illustrated in Figure 4, must have its origin Water r;1+|x§ures were broader. Since the inner coordination sphere
in structural distortions of the inner coordination sphere opyo ~ ©f VO* is comprised by five water molecules in all five

in its [VO(H.0)s2" form induced by the matrix of the frozen ~ COSOIvent mixtures, corresponding to the [VQQ3]?* com-
(glassy) cosolvent mixture. plex, we assume that the ligands to the metal ion become

structurally disordered because of perturbations induced by the
matrix upon freezing. The degree of structural disorder is
proportional to the extent aj-strain. As shown through Table

1, a quantitative estimate of the extentge$train is given by

o, and we invoke this parameter as a measure of the influence
of static structural disorder on line-broadening observed in
experimental spectra.

To gain insight into the origins aj-strain, as defined by the
values ofo in Table 1, we replace the concept of a single spin
system with a uniquge tensor by an ensemble of spin systems,
each with a slightly differenge tensor, following the description
of the statistical model af-strain developed by Hagen and co-
workers#—44 The position of a resonance line is defined by
the spectroscopic splitting factor in eq 1, wheére {x, y, z

We suggest that distortions of the spatial disposition of inner-
shell ligands are dependent on the steric accommodation of the
VOZ* jon with its inner-shell ligands into the spaces created
for it in cosolvent mixtures. For the [VO@®D)s]2" complex in
methanol:water mixtures, we have demonstrated that outer-shell
methanol molecules are hydrogen bonded to inner-shell coor-
dinated OH groups of water molecules through both hydrogen-
donor and hydrogen-acceptor relationsifpgndoubtedly, HO
molecules in methanol:water mixtures form comparable geo-
metrical arrangements. On the other hand, DMSO and DMF
can form hydrogen bonds with the vanadium-boungOH
molecules only as hydrogen acceptors. On this basis, it is likely
that the [VO(HO)s]?" ion is accommodated more readily into
the matrix structure of frozen methanol:water mixtures since
both components of the binary organi@queous cosolvent 3 1/2
mixture can participate in an equivalent manner through g=1|Y %> (1)
hydrogen bonding with inner-shell coordinategHmolecules. =
We conclude that the geometrical arrangement of inner shell
H,0 ligands of [VO(HO)s]2" complexes remains more uniform  represents the principal axesgfand thel; are the correspond-
on average since the line-broadening influence of methanol: ing direction cosines with respect & In the absence of hf
water mixtures on spectra was less than that observed forcoupling, the effective resonance condition is given by eq 2 for
DMSO:water and DMF:water mixtures. h

Analysis of the Frequency-Dependent Line-Broadening in B=1-
the EPR Spectra of V&*. There are several factors that P9
contribyte to Iin_e-broade_r_ling of EPR transitions. Since W€ anS= 1/, spin system. With respect to eq 2 we assume that the
maintained identical conditions of temperature and concentratlonprincipa| g values are themselves the random variables, each

throughout our EPR studies and all data were collected underpeing gescribed by a normal distribution, as given in eq 3, where
nonsaturating levels of the incident microwave field, these

)

experimental factors can be excluded as contributing to the 1 (G — )

increased line widths observed at high frequencies. Magnetic f(g) =———exg — '—2' (3)
field dependent factors that may contribute to EPR line- («/E)oi 20;

broadening are (i) zero-field splitting for systems wah- /5,

(i) distribution in values ofA or A-strain, (iii) spin-lattice f (g) is a probability densityg; is the mean value dfi, ando;

relaxation, and (iydistribution in effectiveg-factors org-strain. is the standard deviation gf. Although the distribution of each



High-Frequency EPR of V&

g according to eq 3 is symmetric gispace, the corresponding
distribution of the magnetic field is asymmetricBnspace!*4°
However, it is straightforward to show that there is a normal
distribution of the magnetic field, given by eq 4, under the

_ 2(Bi - Bi)2
AP

1
(Val2),

condition of lowg-anisotropy witho; < g; whereB; = hv/B g
andA; = 2hwailf G2 As seen in Table 1, the condition of low
g-anisotropy witho; < g; applies to VG™.

From Figure 1 it is evident that the only prominent contribu-
tions to line width at low frequencies are hf coupling due to
the vanadium nucleus and shf coupling of solvent hydrogens.
As pointed out in the Results, these contributions to the line
width are best described by Gaussian functions. Therefore, at
all microwave frequencies, whepstrain is taken into account,

f(B) = (4)

for a given orientation oB with peak-to-peak width given by
eq 5, where theA’s represent the individual line width

®)

contributions due to vanadium hf coupling, solvent hydrogen
shf coupling, and variation irg values org-strain, respec-
tively 4647

At high frequencies%90 GHz), the line width contribution
due tog-strain dominatesAn? + Asné < A(v)?], as is evident
in Figure 4, and an absorption line of the ensemble now reflects
to first order a normal distribution of the magnetic fields, which
can be represented by a Gaussian line position&lcdipeak-
to-peak widthA. This leads to the relationship in eq 6, through

[ABP(W)]? = A + Agef + AW)?

20

X

~

ABP =
i ﬁ giz

(6)

hw 2%
B (@?-0d
which we see that the peak-to-peak width of the line is linearly
dependent on the microwave frequency and proportional to the
magnitude ofo;. On this basisg; is a direct measure of the
distribution of the values of about its mean value. Thus, eq
6 provides the basis for extracting valuesxdfom results such
as those plotted in Figure 4, and the values tisted in Table
1 were calculated by applying eq 6 to the slopes in Figure 4.
Whereas the contribution aj-strain to line-broadening is
dominant at high microwave frequencies, the contribution at
low frequencies£9 GHz) is essentially negligibleN? + Asné
> A(v)?. As seen in Figure 4, the observed line width at 9.4
GHz deviates from the strict linear behavior that is dictated by
line width estimates at high frequencies. In the low-frequency
regime, the line width has become independent of microwave
frequency and is determined by other mechanisms, namely,
vanadium hf coupling and solvent hydrogen shf coupling
interactions, as pointed out in the Results.
In Table 2, we have summarized the EPR spectroscopic
parameters of the V& complex of bovine transferrin. Values
of the principal components of thgy and A tensors and the
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andg-perpendicular components of Oin organic-aqueous
cosolvent mixtures. These results, thus, demonstrate that the
liganding amino acid side chain environment of %Qin
transferrin has not altered the mechanism of line-broadening,
for instance, through covalent effects with-strain. The
dependence of line-broadening of ¥Oin transferrin on
microwave frequency is due strain as for V3" in frozen
glassy matrices.

Since the origin ofg-strain for V&' is static structural
disorder both in cosolvent mixtures and in the protein, it is of
interest to consider how the disorder differs between the two
types of systems. Static structural disorder of A/Gites in
cosolvent mixtures arises from perturbations of the glass-forming
solvent on the inner-sphere ligands of the metal ion. On the
other hand, structural disorder in metal ion binding sites in
proteins arises from dynamical fluctuations associated with
conformational substates of the protein that are transmitted to

._the metal ion through coordinating ligands and are “frozen in”
At cryogenic temperatures. These conformational substates are

similar to each other in potential energy and contribute to the
dynamical fluctuations of the macromolecule at normal tem-
perature$8 Since effects of physical or chemical processes such
as ligand binding, changes in pH, or allosteric interactions, for
instance, when transmitted through the protein, influence the
distribution and extent of conformational substates, changes in
the dynamical structure of proteins may be reflected through
variations in the extent of-strain. Comparison of the line-
broadening of a paramagnetic metalloprotein prepared in
different ligand-bound or functional states should then give rise
to behavior comparable to that observed in Figure 4, whereby
the slope of theABPP vs microwave frequency plot may be
characteristic of the functional or ligand-bound state of the
protein.

The discussion outlined above leads to the suggestion that
the extent ofg-strain exhibited by the [VO(KD)s]?" ion in
frozen organie-aqueous matrices reflects the degree to which
the metal ion with its inner-shell ligands fills the space created
for it through proton-donor and proton-acceptor hydrogen
bonding relationships. Similarly, changes in the distribution of
conformational substates of a protein through chemical or
physical processes may alter the degree to which th&"\i@h
and its immediate inner-shell coordinating ligands fill the space
available to it in a metal ion binding site. The degree to which
molecules fill the space available to them in liquids and solids
is known as the packing densityand is a basic physical
property characterizing their static accessibility. Stapleton and
co-worker§%-52 have suggested that a fractal dimensionality
estimated from the temperature dependence of the-$afitice
relaxation rate of low-spin ferric heme proteins at cryogenic
temperatures is a quantitative measure of the degree to which
a structure, in this case a ferriporphyrin complex, fills the
space in which it resides. Correspondingly, the extegtsifain
may reflect the degree to which the ¥Oion with its inner-
shell ligands fills the space provided within its immediate
environment according to van der Waals relationships for steric
accessibility. Since instrumentation for high-field electron
magnetic resonance experiments, such as that described in this

peak-to-peak EPR line widths are compared for spectra atreport, has become more generally available, it would be of
microwave frequencies of 9.44 and 109.9 GHz. Values of the considerable interest to determine the extent to which such
g andA components for A and B sites, as listed in Table 2, are differences ing-strain can be observed and whether they can

in good agreement with those reported by Chasteen and co-be related to the underlying atomic structure of the protein.
workers for human transferrfi223 Most importantly, the
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2, is comparable to the increase observed for lgpparallel VOZ2" in organic-aqueous glasses with a Bruker Elexsys 580
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