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Abstract ESEEM spectroscopy was applied for the first time 
to organs of an animal, viz. the kidney and liver of the rat 
treated with vanadyl sulfate. The aim of this study is to investigate 
the in vivo coordination structure of vanadyl ions administrated, 
and to gain information concerning the insulin-mimic activity of 
vanadium. ESEEM measurements for kidney and liver performed 
at 77 K have established nitrogen coordination to a certain per- 
centage of vanadyl ion in the organs. The rotios of nitrogen- 
coordinating vanadyl ion were estimated as 71)-80% in the liver, 
and 50-55% in the kidney. Isotropic portions of the 14N HFC 
were estimated as IAi~ol~5.0 MHz for liver, and ~5.2 MHz for 
kidney, indicating that the coordinating nitrogen is an amino 
nitrogen. Coordination of the Lys c-amine or the N-terminal 
a-amine of a protein or (a peptide) to vanadyl ion in vivo is 
suggested. 
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1. Introduction 

Vanadium ion has been reported to have an ability to mimic 
insulin activity. For  example, it was reported that vanadate ion 
(VVO43-) enhances the glucose uptake [1,2], glycogen synthesis 
[3], and insulin-receptor kinase activity [4], and that doses of  
vanadate ion normalize the blood glucose level of  the rat [5]. 
Vanadyl (VWO 2+) complexes were also examined and shown to 
have the same insulin-mimic activity [6,7]. These findings have 
aroused interests in the in vivo actions of  vanadium. Vanadium 
is thought to act on peripheral cells, not  on the insulin-releasing 
system, because no increase o f  the plasma insulin level was 
observed by administrat ion of  vanadium [5]. However  the 
mechanism of  the insulin-mimic activity of  vanadium has not  
been revealed in spite of  much effort. It was reported that 
vanadate peroxide system is more effective than vanadate alone 
and peroxide alone [8]. On the other side, however, reduction 
of  vanadate ion to vanadyl ion under physiological conditions 
was also reported [1,6,9]. Sakurai et al. have shown that most 
of  the dosed vanadium ions, even when the vanadium is fur- 
nished as vanadate ion, exist as vanadyl ion in organs [10]. 
Al though it is still unclear whether the insulin-mimic activity 

*Corresponding author. Fax: (81) (236) 47-3149. 

Abbreviations: ESEEM, electron spin echo envelope modulation; CW 
EPR, continuous wave electron paramagnetic resonance; MEM, maxi- 
mum entropy method; FT, Fourier transform; HFC, hyperfine cou- 
pling; NQC, nuclear quadrupole coupling; NZC, nuclear Zeeman cou- 
pling; STZ, streptozotocin. 

0014-5793/95/$9.50 © 1995 Federation of European Biochemical Societies. 
SSDI  0014-5793(95)000595-1 

comes from vanadyl or vanadate ion, the occurrence of  reduc- 
tion to vanadyl ion indicates that understanding of  the in vivo 
coordinat ion structure of  vanadyl ions is crucial to reveal the 
mechanism of  the insulin-mimic activity. It needs clarification 
whether administrated vanadyl ions are bound to certain pro- 
teins in vivo, and what the proteins are if this is the case. 

In the present paper, we approach these questions by use of  
ESEEM spectroscopy. We applied for the first time ESEEM 
spectroscopy to organs of  an animal, viz. the kidney and liver 
of  the rat treated with vanadyl sulfate. It is known that admin- 
istrated vanadyl ions distribute most in the kidney, followed by 
the liver [7c]. ESEEM spectroscopy can detect very weak hy- 
perfine couplings (< 20 MHz) which could not be observed by 
conventional CW EPR spectroscopy. Thus the nuclei with a 
non zero nuclear spin such as ~H and 14N may be detected. 
Preliminary measurements made for normal rats and STZ- 
induced diabetic rats showed no appreciable difference between 
their ESEEM's .  Hence only the organs of  normal rats were 
studied in detail. During the investigation, we have found that 
nitrogen coordinat ion occurs for most vanadyl ions in the liver 
and more than half  in the kidney. Thus we also investigated the 
ESEEM of  vanadyl-histidine complex (VO-His) as a model of  
the vanadyl ions in the organs, and found that the ESEEM 
spectra of  this complex are very similar to those of  the organs. 
On the basis of  this finding, the coordinat ion environment of  
the nitrogen-coordinating vanadyl species in the organs is dis- 
cussed. 

2. Experimental 

Wistar rats maintained on rat chow and weighing 190-210 g were 
induced diabetes by a single i.v. injection of freshly prepared STZ (60 
mg/kg b.wt.) in 0.1 mM citrate buffer, pH 5.0. Both normal (mean 
serum glucose level for 2 animals, 135 mg/dl) and STZ-induced diabetic 
rats (mean serum glucose level for 2 animals, 419 mg/dl) were given 
daily i.v. injection of vanadyl sulfate (50 mg VOSO4" 6HzO/kg b.wt.), 
which corresponds to 9.3 mg vanadium/kg b.wt., in 0.9% (w/v) NaCI 
solution for four days. Serum glucose level of normal and STZ-induced 
rats treated with vanadyl sulfate were 111 mg/dl and 123 mg/dl, respec- 
tively. The kidneys and livers were removed from the rats, and cut into 
such pieces as can be put into a 5 mm ~0 EPR sample tube. Since 
preliminary ESEEM measurements for normal rats and STZ-induced 
diabetic rats showed no appreciable difference between their ESEEM's, 
detailed analysis was made only for the ESEEM's of normal rats. 
VO-His was measured in PBS (0.1 M phosphate buffer solution at pH 
7.4)~ethyleneglycol glass (1:1 v/v). 

CW EPR spectra were obtained on a Jeol RE-3X spectrometer with 
a low Q cavity designed for common use in CW and pulsed EPR 
measurements. ESEEM measurements were made on a Jeol RE-3X 
spectrometer and a JEOL ES-PXI000 pulse ESR unit, using two-pulse 
sequence Ur/2-r-Tr r~echo). The width for lr/2 pulse was 15 ns, and r 
was varied from 0.3 to 2.84/.is with 20 ns interval (128 data points). The 
two-pulse echo was found to almost disappear above ~2.5 gs. ESEEM 
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data were collected on a Jeol Esprit 330 computer, and transformed into 
the frequency-domain spectrum with MEM. MEM is known to be more 
effective than Fourier transformation [11]. Computer simulation of 
ESEEM data were performed on the basis of the Mires equations [12]. 

3. Results 

Fig. 1 shows the CW EPR spectrum for the kidney of the rat 
treated with vanadyl ion measured at 77 K. The CW EPR 
spectrum for liver (not shown) was almost identical with that 
for kidney except that the signal intensity was weaker owing to 
smaller vanadyl content in the liver [7]. Two-pulse ESEEM 
measurements were performed at three features of the CW EPR 
spectrum, as denoted as points A, B, and C in Fig. 1. Point A 
corresponds to the second parallel peak from low field. Unfor- 
tunately the first parallel peak from low field was very weak, 
and ESEEM measurements could not be made. Point B corre- 
sponds to the third perpendicular peak from low field, and 
point C corresponds to the composite of the fourth parallel and 
perpendicular peaks. The ESEEM spectra of kidney and liver 
are shown in Figs. 2 and 3, respectively. For  both organs, 
intense peaks due to IH was observed (vH = 11.9, 13.0, 13.4 
MHz at points A, B, and C, respectively), indicating the pres- 
ence of water in the coordination sphere of vanadyl ions [13]. 
In some spectra, the tH peak appears as split. However, it is 
not clear whether this splitting is due to a real physical phenom- 
enon or only an artifact formed in the generation of the MEM 
spectra [11]. Thus we did not analyze the IH signal further. The 
spectra exhibited other noticeable peaks in lower-frequency 
region. These peaks are attributed to ]4N. Therefore the 
ESEEM measurements have revealed that at least one nitrogen 
is coordinated to a certain amount of vanadyl ion in the organs. 
To our knowledge, this is the first direct evidence for the pres- 
ence of vanadyl-nitrogen interaction in organs of an animal. 

For comparison, we examined VO-His as a model of the 
nitrogen-coordinating vanadyl species in the organs. The 
ESEEM spectra of VO-His are presented in Fig. 4. The meas- 
urements were made at the CW EPR features corresponding 
to the points A, B, and C in Fig. 1. In the spectra, the IH signal 
appears at 11.9-13.4 MHz. The ~H peaks were, however, 
weaker than those for the organs, which suggests that VO-His 
contains fewer water molecules in its coordination sphere. In 
the lower-frequency region, peaks attributable to 14N were 
again observed. The frequencies and relative intensities of the 
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Fig. 1. CW EPR spectrum for the kidney of the rat treated with vanadyl 
ion (T= 77 K, v = 8.86 GHz). ESEEM measurements were made at 
points A, B, and C. 
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Fig. 2. Two-pulse ESEEM MEM power spectra for the kidney of the 
rat treated with vanadyl ion (T = 77 K, v = 8.86 GHz). (A) B = 278 roT, 
B/ /z .  (B) B= 305 mT, Bd_z. (C) B= 313 roT, B//d_z. 

14N signals for VO-His are very similar to those for the organs. 
This similarity indicates that similar vanadyl-nitrogen interac- 
tions occur in VO-His and the nitrogen-coordinating species in 
the organs. (This does not necessarily mean histidine coordina- 
tion to the vanadyl ion in the organs, vide infra.) 

4. Discussion 

4.1. Analys i s  o f  E S E E M  

In all vanadyl complexes where the nitrogen atom is directly 
coordinated to the vanadyl ion, 14N HFC is much stronger than 
~4N NQC and NZC [14~18]. Under the condition of 
HFC>>NZC, NQC, the first-order perturbation theory 
provides the frequency of the 14N ESEEM peaks as 

v_+ = Ap _+ 2v(L4N), (1) 

and 

v ++ = Ap]2 +_ v(14N) _ 3Qp/2, (2) 

where Ap and Qp are the p components of HFC A and NQC 
Q tensors, respectively. The applied field is parallel to the p 
axis, and v(14N) is the Larmor frequency of the 14N nuclear 
spin. The peaks v + derive from the double-quantum transi- 
tions, and v+ + from the single-quantum transitions. The dou- 
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Fig. 3. Two-pulse ESEEM MEM power spectra for the liver of the rat 
treated with vanadyl ion (T= 77 K, v = 8.86 GHz). (A) B = 279 mT, 
B//z. (B) B = 304 mT, B±z. (C) B = 312 mT, Bl /Lz .  

ble-quantum transition peaks are usually more intense than the 
single-quantum transition peaks in ESEEM in contrast to 
E N D O R  spectroscopy. The single-quantum transition peaks 
will vanish when the electronic g, H F C  A and N Q C  Q tensors 
are all coaxial (and the applied field is parallel to one of  the 
principal axes of  the coaxial tensors) [19]. 

When measurements are done at the parallel peak of  the CW 

EPR spectrum, one observes single-crystal like spectra, where 
only the molecules whose gz axis is parallel to the applied field 
are visible. Hence the interpretation of  the spectra in Figs. 2A, 
3A and 4A is straightforward. The pairs of  14N peaks at v -- 3.6, 
7.3 MHz  for kidney, v = 3.6, 7.6 MHz  for liver, and v = 3.2, 
6.9 M H z  for VO-His are assigned to the double-quantum tran- 
sition peaks. The separations between the two peaks are 3.7, 
4.0, and 3.7 MHz,  respectively, which are comparable with the 
expected separation of4vC4N) = 3.4 MHz  at B = 276 279 mT. 
The slight excess of  the observed separation may be due to 
relatively low s/n of  the observed ESEEM's  [20]. F rom these 
assignments, one can estimate first-order approximate values 
of  A_ = 5.5, 5.6, and 5.1 MHz  for kidney, liver, and VO-His, 
respectively, using Eqn. 1. In the parallel spectrum of VO-His, 
an additional peak appears at v -- 5.2 MHz. We have assigned 
this peak to the v++ peak, which gives Q_ = 1.2 MHz  from Eqn. 
2. As mentioned above, the single-quantum transition peaks 
gain intensity when the g, A, and Q tensors are not  coaxial. The 
computer  simulation including a slight deviation (ca. 5 °) of  the 
A. and Q: axes from the gz axis well reproduced the observed 
spectrum (dotted line in Fig. 4A). 

The ESEEM spectra obtained at the perpendicular peak ex- 
hibit the sum of the signals from the molecules whose gz axis 
is perpendicular to the applied field. Therefore the interpreta- 
tion of  perpendicular spectra is not always straightforward. For  
the present case, however, the spectra (Figs. 2B, 3B, and 4B) 
can be interpreted in the same manner described above. The 
double-quantum transition peaks are assigned to the v = 3.8, 
7.6 MHz  peaks for kidney, the v = 2.8, 7.0 MHz  peaks for liver, 
and the v = 3.5, 6.8 MHz  peaks for VO-His. The A,.~. values are 
thus estimated as 5.7, 4.9, 5.2 MHz  for kidney, liver, and VO- 
His, respectively, from Eqn. 1. The weak peak at 5.8 MHz  for 
VO-His is assigned again to the x,y-averaged v++ peak. The 
computer  simulation supports these assignments (Fig. 4B). The 
6.4 MHz  peak for kidney and the 5.8 MHz  peak for liver are 
also attributable to the v++ peak. Probably the vanadyl ions in 
the organs are in more distorted coordination environment,  
and thus the v++ peak gains more intensity than that of  
VO-His. 

The results of  computer  simulation are summarized in Table 
1 with previously reported results of  nitrogen-containing va- 
nadyl complexes. In the simulation, the splitting energies and 

Table 1 
ESEEM results of nitrogen-coordinating vanadyl ions 

HFC/MHz NQC/MHz Nitrogen type Ref. 

IA~I, lAy[ IA~I e2Qq r/ 

VO 2+ in kidney [Ai~o[ = 5.2 e 
VO 2+ in liver IAi~ol = 5.0 e 
VO-His 4.4 5.0 d 2.8 0.57 d e 
VO(Gly)2 4.85 5.3 2.55 0.5 amine 17 
VO-PK-PEW 4.8 5.1 2.55 0.5 Lys amine 17 
E-VO-AdoMet-TI b 5.2 5.5 3.0 0.3 AdoMet amine 18 
VO(hfac)2(imidazoley IA~sol = 7.6 imine 15 
VO-transferrin [A~o ] -- 6.6 His imine 15 
VO-lactoferrin lAsso I = 6.6 His imine 15 
VO(OEP) 6.7 7.2 7.7 2.0 0.5 pyrrole 16 

a PK = pyruvate kinase, PEP = phosphoenolpyruvate. 
b E  = S-adenosylmethionine synthase, AdoMet = S-adenosylmethionine. 
c hfac = hexafluoroacetylacetanate. 
aThe g-axis frame and the A- and Q-axis frames are related by 5 ° rotation along the coaxial y-axis. Qx = 1.4, Qy = -0.3, Q~ = -1.1 MHz. 

This work. 
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Fig. 4. Two-pulse ESEEM MEM power spectra of vanadyl-histidine 
complex in PBS-ethyleneglycol glass (1:1 v/v) (T= 77 K, v= 8.86 
GHz). Solid lines represent experimental data, and dotted lines repre- 
sent simulations. (A) B= 276 mT, B//z. (B) B= 303 mT, B ±z. 
(C) B= 312 mT, B / / i z .  

the peak intensities are computed through direct diagonaliza- 
tion of the spin Hamiltonian. Thus the obtained values are 
more reliable than the above values estimated from Eqns. 1 and 
2. For VO-His, we have obtained satisfactory fits to the exper- 
imental data (dotted lines in Fig. 4). In the simulation, first we 
assumed that the g, A, and Q tensors are all coaxial. However, 
as described above, such simulations could not reproduce the 
v = 5.2 MHz peak (in Fig. 4A) and v -- 5.8 MHz peak (in Fig. 
4B). Hence we allowed non-coaxiality between the g and the 
other tensors (A: and Q:), where the A and Q tensors were still 
assumed as coaxial. The satisfactory fits shown in Fig. 4 have 
been achieved when the A. and Q: axes are taken as deviated 
by ca. 5 ° from the g: axis (the A, and Q, axes are also deviated 
by ca. 5 ° from the g, axis while the A,. and Q,. axes are still 
coincident with the g). axis). In these simulations, we fixed as 
A, = A,. Further simulations allowing A.~¢A). did not apprecia- 
bly improve the fittings. 

The simulations for the organs, unfortunately, did not give 
satisfactory fittings. Hence we present the current best where 
A, = A~. = A: ~ A~so and the same Q tensor with that of VO-His 
are assumed. We attempted further simulations allowing free 
variation of these parameters, but the fitting was not improved 
appreciably. We suggest that the nitrogen-coordinating va- 
nadyl species have several types. Between the types, nitrogen- 

coordination mode itself and/or combination with other ligands 
may be different. 

4.2. Ratio o f  nitrogen-coordinating vanadyl ions 
The coordination structures of the nitrogen-coordinating 

species in the organs and VO-His seem very similar. Thus we 
estimated the ratios of nitrogen-coordinating vanadyl ions by 
taking the ESEEM amplitude of VO-His as standard. We gen- 
erated FT spectra [21] for the ESEEM's obtained at point C, 
and normalized the peak heights by their respective v = 0 peak 
heights. The comparison between the normalized peak heights 
showed that the percentages of nitrogen-coordinating vanadyl 
ion are 50 55% for kidney and 70-80% for liver. These esti- 
mates indicate that the nitrogen-coordinating species are major 
ones especially in the liver. 

4.3. Implications for  the coordinating nitrogen in the organs 
Table 1 indicates that vanadyl-nitrogen complexes can be 

divided into two categories according to their HFC parameters 
[14]: the first category comprises of imino- [14,15], and porphy- 
rin pyrrole- [16] nitrogen coordinating complexes, where the 
A,~o values are in the range of 6-8 MHz. In the second category, 
amino nitrogens are coordinated to vanadyl ion [17,18], where 
the A~o values distribute around 5 MHz (it seems that the 
imidazole nitrogen is not coordinated in VO-His). On the basis 
of this property of HFC parameter, we conclude that the coor- 
dinating nitrogen is an amino nitrogen. It is known that vanadyl 
ion form a complex with the imidazole nitrogen of His, the 
e-amino nitrogen of Lys, and ~z-amino nitrogen of amino acids. 
Now we can exclude His imidazole nitrogen from the candi- 
dates of the coordinating nitrogen. Probably the &amine of Lys 
or the N-terminal cz-amine of a protein (or a peptide) is coordi- 
nated to vanadyl ion. 

In summary, the present ESEEM results strongly suggest 
formation of vanadyl-protein (or -peptide) complex in vivo. 
This supports the idea that administrated vanadyl ions are 
bound to proteins in vivo [9,22-24]. The ESEEM results also 
suggest that, in the vanadyl-protein (or -peptide) complex, the 
vanadyl ion is coordinated by the e-amine of Lys or the N- 
terminal o-amine. 
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