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Abstract
vestigated by fluorescence spectroscopy, circular dichroism (CD) and Fourier-transformed infrared (FT-IR) spectroscopy. The results
showed that binding of vanadium compounds produced a static quenching of the intrinsic fluorescence of insulin. The apparent association
constants were determined to be (0.17+0.01) X 10* L*mol ™! for NaVQ,, (2.8 +0.2) X 10* L-mol " for VO(acac);, and (4.0+0.1)
% 10* L>mol "! for VO(ma),, respectively. The light scattering intensity of insulin decreased upon incubation with the vanadium com-
pounds, suggesting the disaggregation of insulin. The attenuation of the band at 273 nm of insulin CD spectra also supported the disaggre-
gation of insulin observed above. A new band at 1650 ~ 1653 cm ! appeared in the FT-IR spectra of insulin upon incubation with the vana-
dium compounds, indicating the formation of an a-helix structure at B (9-19) motif. This a-helix structure suggests a structural change of

The interactions between zinc-free insulin and vanadium compounds, NaVQ3;, VO(acac); and VO(ma),, have been in-

insulin from an extended conformation (T state) to a helical conformation (R state), which is essential for binding of insulin to its recep-
tor. In conclusion, binding of vanadium compounds results in conformational changes and disaggregation of insulin. These changes might
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account for the enhancement of binding affinity for insulin to its receptor in the presence of vanadium compounds.

Keywords: insulin, vanadium compounds, conformation.

In recent years, the researches on the vanadium
compounds attract more and more interest. Almost all
the vanadium compounds, whether the simple vana-
dium salts, the peroxovanadium (V) compounds or
the vanadium (IV) chelates, exhibit hypoglycemic

effects when taken orally[hs].

It was reported that
there was no obvious correlation between the intesti-
nal absorption and their lipophilicity, and the differ-
ence in hypoglycemic effect among a variety of vana-
dium compounds could not totally contribute to the
intestinal absorbability since the difference remained
even the gastrointestinal tract was bypassed by i. v.
injection[ﬁ], indicating different mechanisms of glu-
cose lowering might exist for different vanadium com-
pounds. Although the working mechanism of in vivo
antidiabetic action of vanadium is poorly understood,
in vitro and in vivo data showed that vanadium does
affect various aspects of the insulin signaling path-

1.1"), based on the influence of

way[4]. Kwong et a
vanadium compounds on the insulin binding with its
receptor, suggested that peroxovanadate acted as a
modulator by forming a ternary complex of modula-

tor-receptor-insulin. But it was still unclear whether

the vanadium compounds acted on insulin receptor or
on insulin itself or both. Since specific binding be-
tween insulin and its receptor is the primary event for
insulin to exert biological function and only the
monomeric insulin can bind with its receptor, the in-
teraction between zinc-free insulin and vanadium
compounds would be one of the key problems to be
studied in order to clarify the antidiabetic mechanism
of vanadium compounds.

1 Materials and methods

1.1 Reagents and instruments

Instruments: Shimadzu 540 fluorescence spec-
trophotometer, JASCO J-720 spectropolarimeter,
Bio-Rad FTS-65A FT-IR spectrometer, and pHS-2
pH meter.

Reagents: Native zinc human insulin (26 TU/
mg) and N-2-hydroxy-ethylpiperazine-N’-2-ethane-
sulfonic acid (HEPES) were purchased from Sigma.
Vanadium compounds were gifts from Professor Crans
(Colorado State University, USA). All other chemi-
cals were of analytical grade. Stock solutions of Na-
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VO;,  bis ( acetylacetonato ) oxovanadium ( IV )
(VOC(acac),) and bis( maltolato)-oxovanadium (1Iv)
(VO (ma),) were freshly prepared in HEPES-
buffered isotonic saline (NaCl 135 mmol+L !, HEP-
ES 15mmol-L ™", pH 7.4). All solutions were pre-
pared by double distilled de-ionized water.

Preparation of Zn-free insulin: A 10 mg*mL !
insulin solution was prepared by dissolving zinc hu-
man insulin in aqueous HCI solution (pH 3.0). Zinc
ions and other trace metal ions were removed by ex-
tensive dialysis against 1 mmol/L HC] for 48 h at 4 C
using a dialysis bag with the exclusive limit of 3000
Dalton. The concentration of insulin monomer was
determined by measuring the absorbance at 280 nm
using a value of €239 =5700 L-mol ! *cm 18], The
zinc content of the samples was determined by atomic
absorption spectrometry.

1.2 Effects of vanadium compounds on intrinsic flu-
orescence of insulin

The reaction solutions were prepared by adding
varied amount of the solutions of each vanadium com-
pound to insulin solutions to a final concentration of
zinc-free insulin of 4.0 X 10 7% mol/L and the total
volume of 3 mL. The solutions were allowed to react
for 1h at (20£0.5) T and (37+0.5) C respec-
tively. The fluorescence spectra were recorded on a
Shimadzu 540 fluorescence spectrophotometer. In-
trinsic emission fluorescence of insulin was scanned in
the range of 200 ~ 400 nm with A, = 280 nm. The
changes in fluorescence intensity at A, = 310 nm and
280 nm were measured in the presence and absence of
vanadium compounds.

1.3 Circular dichroism (CD) spectroscopy of in-
sulin

All samples were prepared in HEPES isotonic
buffer solutions ( NaCl 135 mmol *+ L.”!, HEPES
15mmol-L™'; pH 7.4) with the final concentration
of zinc-free human insulin and vanadium compounds
to be 4.0%X10 3 mol-L." ' and 5.0 x 10~ * mol- L1,
respectively. The mixture of vanadium compounds
and insulin were allowed to react at (370.5) C for
1 h. CD spectra were then recorded on a Jasco J-720
spectropolarimeter using a quartz cell with a path
length of 0.1 cm; other parameters used were band-
width of 2.0 nm, scan rate of 50 nm* min~', time
constant of 4 s, and sensitivity of 10 mdeg*cm ™ !.

1.4 Fourier transformed infrared spectroscopy
(FT-IR) of insulin :

The mixtures of insulin (4.0 X 1075 mol-1.7!)
and the various vanadium compounds (5.0 X 10 %
mol*L™!) in solutions (NaCl 135 mmol-L"!, HEP-
ES 15mmol-L™'; pH 7.4) were incubated at 37 C
for 1 h. Then, the samples were lyophilized and dis-
solved in D,O and incubated at 4 C for 24 h, and
then lyophilized again. The samples were re-dissolved
in D,O to a final concentration of insulin of 0.2 mg-
mL ™!, FT-IR spectra were recorded on a Bio-Rad
FTS-65A FT-IR spectrometer. The spectra of insulin
were obtained by subtracting the spectrum of water
vapor recorded under identical conditions. The decon-
voluted spectra between 1700 cm ™! and 1600 cm ™!
were obtained using a Win-IR Curvefit program with
Gaussian band profiles!®’ .

2 Results and discussions
2.1 Preparation of zinc-free insulin

The zinc-free insulin was prepared by the
method described previously[w]. The zinc content
was determined by atomic absorption spectrometry to
be less than 2 X 10™* mole per mole of insulin
monomer.

2.2  Effects of vanadium compounds on the intrinsic
fluorescence of insulin

The results in Fig. 1 show that all the three
vanadium compounds can quench the intrinsic fluores-
cence of insulin. When excited at 280 nm, insulin
monomer gives a fluorescent peak at 310 nm, which
originates from four Tyr residues, Al4, A19, Bl6
and B26!'Y), and a scattering peak at 280 nm. The
intensity of the latter reflects the aggregation states of

121 The monomeric insulin is the

insulin in solution
dominating species in the HEPES buffer solution
(NaCl 135 mmol+ L™, HEPES 15 mmol-L"'; pH
7.4) at the concentration mentioned above, in spite
of the presence of a trace amount of various aggre-
gates!13:14]
the intensity of the characteristic fluorescence peak of
Tyr at 310 nm decreased and that originating from
light scattering at 280 nm decreased correspondingly,
which indicated the tendency towards disaggregation
of insulin aggregates by vanadium compounds.

. When vanadium compounds were added,

In general, fluorescence quenching falls into two
categories: dynamic quenching and static quench-
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5] It can be distinguished by their different tem-

perature dependency and the nature of quenching can
be determined on the basis of the Stern-Volmer equa-
tion;

ing

Fo/F =1+ K[Q],
where Fy and F are the fluorescence intensities in the
absence and presence of various concentrations of a
In the case of dynamic
quenching, K is the Stern-Volmer dynamic quench-
ing constant Kp, while in the case of static quench-

fluorescence quencher.

ing, it is the static association constant Ksg.

As shown in Fig. 2, the quenching ability of
three vanadium compounds at 37 C was lower than
that at 20 C, especially for VO(acac), and NaVO;.
This suggested that it is mainly a static quenching and
implies the formation of complexes of vanadium com-
pounds-insulin, since the increase in temperature will
destabilize the complexes and thus lead to lower val-
ues of the static quenching constants. At lower con-
centration of vanadium compounds, the Stern-Volmer
plots at both temperatures were linear and their ap-
parent formation constants were obtained by the slope

as shown in Table 1.

Table 1.

and insulin

The apparent association constants of vanadium compounds

Ks(10* mol™!-L)

T(T
) NaVO;, VO(acac), VO(ma),
20 0.17+£0.01 2.8+%0.2 4.0£0.1
37 0.1120.01 1.24£0.3 3.7+0.3

Table 1 shows the apparent association constants
calculated from the slope of the Stern-Volmer plots at
the linear range of the concentrations. It is shown
that VO(ma), and VO(acac), exhibit a much higher
tendency to bind to insulin than NaVOj;. The order of
the affinity is VO(ma), > VO(acac),>>NaVOjs; this
difference in binding affinity indicated that the ways
of binding of the three vanadium compounds to in-
sulin may be different. But at higher concentrations
of vanadium compounds, the Stern-Volmer plots dis-
play upward curvature, indicating that vanadium
compounds quench the intrinsic fluorescence of insulin
by collisional encounters in addition to complex for-
mation (Fig.2).
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Fluorescence spectra of native human insulin (4 X 10 7° mol+L "!) in the presence of various concentrations of different vanadium

compounds (4 X 107> mol*L " !). Solid line, insulin; dashed line, insulin incubated with NaVOs;(a), VO(acac);(b), and VO(ma),{c).
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Of the three vanadium compounds, the quench-
ing action of NaVO; was extremely weak, while that
of VO(ma), and VO(acac), are rather strong, with
V(O (ma), >VO(acac),. The difference indicated that
their binding mode might be different and the differ-
ence was evidently related to the species. Anyway
they were common in inducing the disaggregation of

2.3 Effects of vanadium compounds on CD spectra
of insulin

Fig. 3 shows the CD spectra of insulin upen in-
cubation with different vanadium compounds. Three
characteristic negative minima at 208, 222, and
273 nm in 200 ~ 300 nm region of the spectrum can be

seen. The CD bands at 273 nm are assigned to disul-

insulin. [16]
fide bridge, Tyr-B26 and Phe-B24 or Phe-B25'°/.
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Fig. 3. CD spectra of zinc-free insulin {4 X 10 "% mol*L™!) in the presence of different vanadium compounds (5% 10 *mol-L ). Solid

line, insulin; dashed line, insulin incubated with NaVO;(a), VO(acac),(b), and VO{ma),(c).
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Attenuation of this band is correlated with condi-
tions causing disaggregation; while strengthening of
the band is associated with those enhancing aggrega-
1161 " A number of the metal ions that strengthen
the band at 273 nm have been shown to be able to re-
place zinc ions in the formation of crystalline in-
(161 The band at 222 nm can be assigned to 8

structure and the band at 208 nm may be attributed
[17]

tion

sulin

mainly to a-helix

As shown in Fig. 3, the interaction of three
vanadium compounds with zinc-free insulin resulted in
the changes of all three bands, i.e. slight decrease in
a-helix and increase in B structure. It is remarkable
that the band at 273 nm is decreased, as described
above, the attenuation of this band is associated with
the disaggregation of insulin. Therefore it is conceiv-
able that binding of the three vanadium compounds to

insulin causes disaggregation of the insulin. Mean-
while Tyr-B26, Phe-B24 or Phe-B25 are located at
the binding domain of insulin to its receptor, thus the
vanadium compounds may change the conformation of
the binding domain of the insulin and may perturb the
binding of the insulin to its receptor.

2.4 Effects of vanadium compounds on FT-IR spec-
tra of insulin

The influence of vanadium compounds on the
components of secondary structure of insulin was
studied by means of FT-IR spectroscopy. Fig. 4 pre-
sents FT-IR spectra of the deconvoluted and fitted in-
dividual component bands of amide I region of zinc-
free insulin. The individual bands were assigned ac-
cording to Ref. [18] and the percentage of each band
was calculated (Table 2).

Table 2. Quantitative estimation of secondary structures of Zn>" -free insulin (4 % 10> mol* L ™! of Zn?" -free insulin and 5 X 10 ™% mol-L ™! of vana-
dium compounds)
Structure Position Content (%) Peptide segments
(em™ ) Control NaVO, VO(acac), VO(ma),
B-turn 1687 0.22 0.57 B(20~22)
1681 2.70 4.25 3.77 4.99 B(7~8), A(18~20)
B-sheet 1671~1672 8.47 8.35 8.26 7.92
1631 —1635 16.00 16.61 6.35 22.28 A(1~9)
1620~1621 2.06 2.29 6.94
1628 12.86
310-helix 1657 ~ 1659 37.79 18.11 32.23 11.99 A(12~17)
Extended chain 1611~1612 0.18 0.28 1.48
1665 12.60 9.49 B(1~6)
a-helix 1650~1653 16.80 12.60 11.27 B(9~19)
Random 1641 —~1642 33.24 20.47 21.36 11.27 A(10~11,21),

B(27~30), B(1~3)

It is observed that under the action of VO(a-
cac)s, a new peak at 1628 cm ™! appeared; while the
reaction with NaVO; and VO(ma), caused the ap-
pearance of a new peak at 1665 cm™!. The new peak
appeared at 1650~ 1653 cm ™! is noteworthy, because
it reflects the increase in a-helix content in B (9-19)
region and indicates a change from an extended con-
formation (T state) to a helical conformation (R

)119:20] It is known that the change from T to R
[21]

state
state is critical for insulin-receptor interaction
The sequence of the influence exerted by vanadium
compounds was as follows; NaV(O;>V0O(ma), >VO

(acac),. In the TR transition, Tyr (B26) is like-

(21] , which would

result in the quenching of intrinsic fluorescence of

ly more exposed to the solvent

insulin.

3 Discussion

As shown by the present results, the reaction of
vanadium compounds with zinc-free insulin may in-
duce the conformation change of insulin from T to R
state. For the vanadium compounds we tested, Na-
VO; exerted stronger effect than VO(ma), and VO
(acac),. On the other hand, the apparent association
constants obtained from the quenching constants of
vanadium compounds to the intrinsic fluorescence of
insulin showed that the binding of NaVQO; to insulin
was weaker than VO(ma), and VO(acac),. The rea-
son for this difference might be that the apparent as-
sociation constants obtained reflect only the overall
conformation change due to the interaction between
the vanadium compounds and proteins, whereas the T
—R conformation transition reflects the specific local
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Fig. 4. FT-IR spectra of amide I region of zinc-free insulin (4 X
10" mol-L™!) in the presence or absence of vanadium compounds
(5%10 *mol+L ') and the fitted individual component bands.

action on the secondary structure. It also showed that
the binding mode of NaVO; may be different from
that of VO(ma), and VO(acac),.

Considering that these two vanadyl complexes
induced the disaggregation of zinc-free-insulin, they
were unlikely to bind with insulin as VO** and even
more not to the Zn?* binding sites, because it is
known that Zn*" binding will enhance the insulin ag-

[16]

gregation' ° . However, the binding of the oxidation

products of vanadium compounds could not be exclud-

ed. As we know, under the experimental conditions,

NaVO; mainly exists in the form of H,VO, including
a small quantity of HVO? (221

VO (ma), can be oxidized slowly to [ VO,
(ma),]1 7). VO(acac), has higher redox stability in
solution and its major species of hydrolysis is a posi-
tive-charged 1:1 complex'**)(Fig. 5). and NaVOs is

(241 1t was reported that the an-

formed by oxidation
ionic species formed from the oxidition of VO(ma),
and VO (acac), could enter the human erythrocytes
via anion channel, and furthermore, VO (ma), is

[25]1 . In

more sensitive to oxidation than VO (acac),
addition, human insulin, as an allosteric protein, can
interact with two classes of ligands: cyclic organic
molecules (such as resorcinol, phenol, cyclohexanol,

etc. )[26'27] and monovalent anions (such as SCN™,

N;, I and C17 )%} Among the three vanadium
complexes studied, VO(ma), and VO(acac), are of
cyclic structures (Fig. 6), whereas H,VO, , NaVO;
and [ VO,(ma), ]~

two different features might account for the different

are single-charged anions. These

influence of vanadium compounds on the conformation
of insulin and their different binding modes. As to
VO(ma),, it is not only of cyclic structure but its ox-
idation products are single-charged anions. Thus it
exhibits stronger binding affinities and conformation
perturbation to insulin.

o
4 \\!/OHZ
7N
— Q0 OH,
Fig. 5. 1:1 complex formed in solution of VO(acac), 4.
I
(o]
ol 0O
7 = oyo N X / O\ H /O—
& .
PN
0-_F -0 —0O 0
VO(ma), VO(acac),

Fig. 6. Structures of VO(ma); and VO(acac);.

The binding site of insulin to its receptor is con-
sidered to be a large hydrophobic domain involving
Gly(Al1), Glu(A5), Tyr(A19), Asn(A2l) of A
chains and Val(B12), Tyr(B16), Phe(B24), Phe
(B25), Tyr(B26) of B chains!?! .
binding induced static quenching of the intrinsic fluo-

The vanadium

rescence of insulin revealed the reduction of intensity
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of scattering peak at 280 nm, which reflects the ag-
[12] along with
that of the peak at 310 nm. These changes indicate
that under the action of vanadium compounds, the
aggregates of insulin tend to disaggregate. In the CD
spectra, the attenuation of the band at 273 nm of in-
sulin is also related to disaggregation, since this band
can be assigned to disulfide bridge, Tyr-B26 and Phe-
B24 or Phe-B25!'%). Meanwhile, Tyr-B26 and Phe-
B24 or Phe-B25 is just located at the binding domain
of insulin to its receptor. Thus the binding of these
vanadium compounds may perturb the conformation
of receptor-binding domain of insulin. In the FT-IR
spectra of insulin, after the addition of vanadium
compounds a new band at 1650 ~ 1653 cm ™! ap-
peared, which indicates the formation of an a-helix
structure at B (9-19) motif, which revealed the per-
turbation to the binding site and a transition from ex-
tended conformation (T state) to a helical conforma-
tion (R state)!®?) and this transition might be es-
sential for insulin binding to its receptor[zﬂ.

gregation states of insulin in solution

In conclusion, binding of vanadium compounds
results in disaggregation and conformational changes
of insulin, which might account for the vanadium-en-
hanced binding affinity for insulin to its receptor, and
this may be related to the glucose-lowering effect of
vanadium compounds.
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