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Abstract—The interest in biological functions (benefits or toxics effects) of vanadium species has grown enormously in recent years.
In this work, different spectroscopic methods were applied to study the effects of the interaction of vanadyl and vanadate species
with bovine serum albumin (BSA), considered as the most abundant plasma protein. UV–Vis, Fourier transform infrared (FT-
IR), and FT-Raman spectroscopies were used to investigate changes in secondary and tertiary structures of BSA induced by the
binding of oxovanadium(IV) and vanadate(V) species (VO2+ and VO3

�, respectively). Correlations between the metal ion binding
mode, protein conformational transitions, and structural variations were established.
Published by Elsevier Ltd.
1. Introduction

Bovine serum albumin (BSA) is the most abundant pro-
tein plasma. It is a multiple function protein, though its
most outstanding property is its ability to bind revers-
ibly a huge amount of compounds. BSA is the principal
carrier of fatty acids, metabolic products, regulatory
mediators, and nutrients.1–5 Besides, it binds and neu-
tralizes endogenous or exogenous toxins by means of
hydrogen bonding,6 hydrophobic, electrostatic, and me-
tal interactions.7 It has been reported that BSA forms
covalent adducts with various metals such as Cu(II),
Ni(II), Hg(II), Ag(II), and Au(I). Particularly, studies
on the interaction of BSA with Cu(II) and Ni(II) re-
ported for bovine, human, and rat serum albumins
(BSA, HSA, and RSA, respectively), account for the
existence of a high-affinity binding site called amino ter-
minal Cu(II)- and Ni(II)-(ATCUN) motif.8 In these
cases metal binding to this site occurs through the inter-
action with nitrogen atoms derived from NH2 groups, as
imidazole group of histidine and different peptide
residues.
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Vanadium is a biologically ultramicrotrace transition
metal which can be found both in anionic and cationic
forms with oxidation states ranging from �1 to +5 (I–
V).9–11 The cationic forms of vanadium complexes with
oxidation state +4 (IV) have been shown to modulate
the cellular redox potential, regulate enzymatic phos-
phorylation, and exert pleiotrophic effects in multiple
biological systems by catalyzing the generation of reac-
tive oxygen species (ROS) in cellular and cell-free sys-
tems.12–14 Vanadium species are present in several
proteins including bromoperoxidase and nitrogenase
being essential for their catalytic activity.6–8,15–21 More-
over, the ability of vanadium to assume various oxida-
tion states contributes to the versatility of this metal in
biological systems and allows its interaction with differ-
ent biomolecules.8,22,23 It was demonstrated by electron
paramagnetic resonance (EPR) and angle-selected elec-
tron nuclear double resonance (ENDOR) that both
inorganic salts and organic chelates of VO2+ cation have
insulin-mimetic effects and are able to participate in glu-
cose uptake and metabolism. These insulin-like proper-
ties of organic chelates of VO2+ might be dependent on
adduct formation with BSA and possibly with other ser-
um transport proteins.15

Different analytical and spectroscopic methods (ESR:
electron spin resonance spectroscopy, UV–Vis–DRS;
DRS: diffuse reflectance spectroscopy) have been used
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Figure 1. FT-IR spectra showing Amide I and Amide II bands of free

BSA (A), and the vanadium complexes BSA/VO2+ (B), and

BSA=VO3
� (C), obtained after 1 h-incubation time in Tris–HCl buffer,

pH 7.4, solution.
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to study the interaction of vanadium species with HSA,
BSA, or with transferrin protein. Nevertheless, the
mechanisms by which they interact with biological mol-
ecules have not been clearly elucidated yet.21,24–27 In re-
cent years, Fourier transform infrared spectroscopy
(FT-IR) and FT-Raman spectroscopy have been widely
used as a tool to monitor chemical structure changes of
polypeptides and proteins, particularly they were ap-
plied to determine protein secondary structure modifica-
tions in both aqueous and non-aqueous solutions.28–34

Since non-polar groups give intense absorbances in Ra-
man spectra, and polar groups cause high-absorption
peaks in FT-IR spectroscopy; the use of both spectro-
scopic techniques in a complementary fashion, can pro-
vide important and complete information.35 FT-IR
spectroscopy has the advantage of giving higher sig-
nal-to-noise ratio, while FT-Raman can provide addi-
tional information on the tertiary structure of proteins
and the microenvironment of protein side chains.29,30

An important difference to remark between these tech-
niques is that the O–H stretching vibration is very strong
in IR, but very weak in Raman spectra. For this reason,
water is practically ‘invisible’ in Raman spectroscopy,
while it dominates the IR spectrum, if present. Due to
this fact, Raman scattering has the advantage of allow-
ing the study of protein structure in situ. Both tech-
niques in cooperation have enabled the understanding
and monitoring of structural changes produced in pro-
teins under the influence of diverse environmental condi-
tions or different processes such as mixing, aeration,
thermal treatments, aggregation and gelation, buffer
conditions, incorporation of chaotropic salts, protein
structure perturbants (dithiothreitol, ethylene glycol,
dodecylsulfate), and coordination of ligands such as
metals and organometallic compounds.28,33,35–39 IR
spectroscopy of biological samples has been widely
implemented with the attenuated total reflection
(ATR) technique.40,41 For FT-IR/ATR measurements,
the sample is placed on the surface of a trapezoidal-
shaped IR-transparent crystal. The IR beam is guided
through the crystal in such a way that some total reflec-
tions take place at the surface. The penetration depth of
the IR radiation in this arrangement is of a few microm-
eters. Therefore, the IR spectrum obtained contains only
information about the very thin layer of the sample that
is in close proximity to the surface of the crystal. Thus,
by means of this technique it is possible to obtain a spec-
trum of a protein in H2O or buffer solution without
much interference from IR absorption of the bulk
water.33

In this paper, we investigate the ability of vanadate and
vanadyl ions to produce conformational changes in na-
tive BSA in Tris–HCl buffer solutions at physiological
pH. For these purposes, FT-IR/ATR, FT-Raman, and
UV–Vis spectroscopic techniques have been used. A
quantitative analysis is provided of each conformational
component such as a-helix, b-sheet, turns, and random
coil structures for BSA, and the corresponding vana-
dium complexes. Our work attempts to give the basis
for the understanding of BSA/vanadium interactions
which might provide significant insights into structural
features, critical to biological functions. Since most
studies of metals binding to proteins focus on the metal
coordination and not metal-induced perturbations of
the protein structure, this study could serve as an exam-
ple of complementary data that could be obtained when
the binding of metal ions to proteins is studied.
2. Results and discussion

2.1. FTIR and UV–Vis spectroscopies

Amide I and Amide II bands (1700–1500 cm�1) of IR
spectra have been extensively used in the characteriza-
tion of chemical composition and conformational stud-
ies of proteins. Particularly, Amide I (1690–1620 cm�1)
reflects an almost pure vibrational character, since it
consists mainly of the carbonyl stretching vibration
mode of the peptide bond. Therefore, it has a well-rec-
ognized potential in protein secondary structure stud-
ies.28,34,42,43 To test whether the interaction of BSA
with vanadium salts produces conformational changes
in the native BSA protein, Amide I and II bands of
FT-IR/ATR spectra of this protein and their vanadium
complexes were analyzed. The main spectral features of
native BSA are characterized by a strong Amide I band
at 1657 cm�1 and an Amide II absorption band at
1541 cm�1. The location of these bands (Fig. 1) is indi-
cating that BSA secondary structure is dominated, as
it has previously been reported, by a-helix conforma-
tion.33,34,44–46 When we studied the interaction of vana-
dium species like oxovanadium(IV) or vanadate(V)
(VO2+ and VO3

� with native BSA by FT-IR/ATR spec-
troscopy, we observed that low concentrations (0.005
and 0.05 mM) of these species did not produce signifi-
cant changes on BSA structure (data not shown). The
FT-IR spectroscopy studies revealed that under our
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experimental conditions, vanadium concentrations
should be equal or higher than 0.5 mM to produce
detectable spectral changes associated to BSA secondary
structure. Incubations with oxovanadium(IV) and vana-
date(V) species at this concentration and under the con-
ditions indicated in methods, produced small shifts of
the typical 1657 cm�1 band present in BSA spectrum to-
ward lower frequencies (1655 and 1653 cm�1 for V(IV)
and V(V), respectively) (Fig. 1). Furthermore, Amide
II band at 1542 cm�1 in native BSA shifted to
1547 cm�1 for both species. Besides the shoulder ob-
served in BSA spectrum at 1521 cm�1 appeared at
1514 cm�1 for V(IV) complexes and its intensity
vanished for V(V) ion compounds.

Second derivative of BSA in Tris–HCl buffer solution
and BSA vanadium complexes FT-IR spectra were
analyzed in order to perform a quantitative analysis of
the corresponding secondary structures in Amide I
region.28,47 Second derivative spectra of free BSA showed
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Figure 2. Second derivative (a) and original FT-IR/ATR spectra in Amide I

BSA/VO2+ complex ([BSA] = 2% w/v, [VO2+] = 0.5 mM in Tris–HCl buffer so

Tris–HCl buffer solution. The secondary structure determination by curve-fi

Table 1. FT-IR/ATR determination of secondary structure percentages of na

HCl buffer solutiona

Amide I componentsb BSA

FTIR

b-Antiparallel (1675–1695 cm�1) 4.45 ± 0.08

Turns (1666–1673 cm�1) 10.12 ± 0.48

a-Helix (1650–1658 cm�1) 59.76 ± 0.90

Random coil (1637–1645 cm�1) 13.45 ± 0.06

Solvated helix (1625–1637 cm�1) 10.14 ± 0.30

b-Sheets (1613–1625 cm�1) 2.08 ± 0.07

a BSA/VO2+ and BSA=VO3
� complexes were obtained incubating [VO2+] =

temperature. Data represent average obtained from three independent repl
b Band assignment was performed taking into account Refs. 33, 42, and 46.
c Ref. 6.
a strong peak at 1657 cm�1, which is assigned to a-helix,
and other peaks at 1681, 1674, 1639, 1630, and
1619 cm�1 corresponding to b-antiparallel, turn, random
coil, solvated helical structure, and b-sheet, respec-
tively33,42,46 (Fig. 2A). These frequencies were used as ini-
tial input parameters for the curve-fitting procedure. The
secondary structure of native BSA obtained by this meth-
odology is indicated in Table 1. The percentages of the dif-
ferent secondary structure elements obtained were in
agreement with several previously reported studies, using
different techniques such as Raman spectroscopy,48 circu-
lar dichroism,6 and X-ray crystallographic studies45 in
which a high percentage of a-helix conformation in the
native protein was reported. A quantitative analysis of
the secondary structure was performed with spectra of
vanadium complexes using the same analytical proce-
dure. Figure 2B shows BSA/VO2+ second derivative spec-
tra which displayed six minimums in Amide I region at
1678, 1666, 1655, 1642, and 1632 and 1623 cm�1, assigned
to b-antiparallel, turn, a-helix, random, solvated helix,
r (cm-1) Wavenumber (cm-1)
1625

16
42

16
32

16
23

162516501675

(b)

16
75

16
54

16
39 16

16

A
rb

itr
ar

y 
un

its

(a)

C

region (b) of: (A) free BSA (2% w/v in Tris–HCl buffer solution), (B)

lution), (C) BSA=VO3
� complex ([BSA] = 2% w/v, ½VO3

�� ¼ 0:5 mM in

tting procedure is indicated.

tive BSA and its oxovanadium(IV) and vanadate(V) complexes in Tris–

BSA/VO2+ BSA=VO3
�

CDc FTIR FTIR

5 16.47 ± 0.79 10.21 ± 0.39

13 18.55 ± 0.80 Not detected

60 28.67 ± 0.86 72.12 ± 3.6

23 20.46 ± 0.61 15.10 ± 0.60

8.20 ± 0.20 Not detected

7.63 ± 0.30 2.70 ± 0.08

0.5 mM and [VO3
�] = 0.5 mM with BSA (2% w/v) for 1 h at room

icates, standard error is indicated.
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Figure 3. Electronic spectra of (A) free BSA (2% w/v in Tris–HCl

buffer solution) and (B) BSA/VO2+ complex ([BSA] = 2% w/v,

[VO2+] = 0.5 mM in Tris–HCl buffer solution).
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and b-sheet, respectively.28,42,46 The curve-fitting proce-
dure based on these second derivative spectra indicated
that the a-helix content decreased to 28.67%, whereas
b-structures (antiparallel and b-sheet), turns, and ran-
dom coil structures increased as it is shown in Table 1.
The drastic reduction observed in a-helix conformation
and the significant enhancement in disordered structures
and b conformations in relation to BSA native structure,
are consistent with the hypothesis of the existence of a
strong interaction between vanadyl (VO2+) species and
BSA. A similar behavior was reported for the interaction
of BSA with metal cations as Cd(II), Hg(II), and
Pb(II).49,50 This significant interaction of vanadyl(IV)
ions with BSA was also displayed in the UV–Vis spectra
(Fig. 3). In our experiments, UV–Vis spectra of BSA
solutions showed the two typical peaks at 200 and
280 nm assigned to peptide bond and aromatic amino
acid side chains (phenylalanine, tryptophan, histidine,
and tyrosine), respectively,51 UV–Vis BSA/VO2+ spectra
confirmed FT-IR spectroscopy results showing a signifi-
cant intensity increment in 280 nm band (1.20 ± 0.03 in
the BSA to 1.85 ± 0.04 in BSA/VO2+ complex), that
could be due to a higher exposure of aromatic amino acid
residues probably produced by an enhancement of
unfolding in the protein (data not shown). Besides, the
UV–Vis oxovanadium(IV) BSA complexes derivative
spectra presented two maximum absorption bands: a
strong one at 794 nm (band I) that could be assigned to
3dxy! 3dxz (b2! e) and a second band at 526 nm (band
II) assigned to the 3dxy ! 3dx2–y2

ðb2 ! b1Þ d–d transi-
tion, according to the scheme of Ballhausen and Grey.52

The band positions are similar to those obtained for ami-
no acids/VO2+ systems, which correspond to coordina-
tion modes involving N and O atoms.53 The interaction
through oxygen atoms from terminal residues has also
been suggested for Cu(II), Co(II), and Ni(II).54 The
observation that BSA could interact via N donors to po-
sitive charged ions is in agreement with the results re-
ported for EPR studies of the interaction of BSA with
vanadyl ion25 and others metal ions such as gold(III)55

and ruthenium(III).56 In addition, it was suggested that
strong interactions would be expected at pH 7 between
vanadyl cation and BSA taking into account their asso-
ciation constant.57

As it is evident from our infrared analysis, the main con-
formational changes in BSA structure produced by the
interaction with VO2+ were in agreement with the results
obtained for HSA/oxovanadium(IV) complexes, though
vanadyl species seemed to produce more significant per-
turbations in BSA than in HSA.58

Figure 2C shows the second derivative of BSA=VO3
�

complexes spectrum and the curve fitting performed
on the original complex spectrum carried out as indi-
cated in Section 4.1. This quantitative analysis of the
secondary structure yielded a 72% of a-helix conforma-
tion, which corresponded to the strong and broad band
at 1654 cm�1 displayed by the second derivative spec-
trum. The other contributions to the secondary struc-
ture are indicated in Table 1 and were calculated
considering the following minimums: 1675 cm�1 for b-
antiparallel, 1639 cm�1 for random coil and 1616 cm�1

for b-sheet structures. It is important to note that these
latter bands had a minor contribution to the secondary
structure of BSA in the presence of BSA=VO3

� species.
Furthermore, the absence of the 1630 cm�1 is indicating
strong structural changes involving the loss of solvated
helix and the feasible formation of compact hydrophobic
cores in BSA=VO3

� complexes.33,46 Therefore, our FT-
IR results indicated that when the interaction between
BSA and VO3

� species takes place, a significant increase
in a-helix conformation occurs, which allows us to assume
a greater folding of BSA with reduction in the hydration
of the protein and an enhancement in the hydrophobic
interactions in the core of BSA molecule.

As regards BSA=VO3
� interaction studied by UV–Vis

spectroscopy, it was rather difficult to be performed
due to a superimposition of a free vanadate typical band
with kmax at 266 nm59 with the BSA band at 278 nm
increasing the intensity in the BSA/vanadate spectra.

An overview of our results obtained for BSA=VO3
�

complex lead us to attribute them to the size of the
bonding ion. Makino et al.60 have demonstrated the
importance of the ion size in incrementing a-helix con-
formation. They have reported for other ions such as
perchlorate, Mg(II), and Na(I) that a-helix proportion
increased and a high stabilization was produced due to
the ion size.

2.2. FT-Raman spectroscopy

In order to get a deeper insight into the BSA conforma-
tion changes when it interacts with vanadium species
and to confirm FT-IR and UV–Vis spectroscopy results,
Raman spectroscopy was performed on native BSA and
the corresponding vanadium species complexes. Raman
spectroscopy has emerged as a valuable tool to study
conformational changes in proteins. Amide I (near
1650 cm�1) and Amide III (near 1250 cm�1), regions
can provide information on the peptide backbone and
have been used to assign secondary structures in pro-
teins.29,31,61–63 In addition, some details of protein ter-



Table 2. Raman shifts in free BSA, BSA/VO2+, and BSA=VO3
�

complexes in Tris–HCl buffer solutionsa

Raman shifts frequencies (cm�1) Tentative

assignmentsb

BSA BSA/VO2+

503 (w) 503 (w) SS

BSA=VO3
�

503 (w)

830 (w) 831 (w) 831 (w) Tyr buried

852 (w) 853 (w) 853 (w) Tyr exposed

937 (m) 937 (m) 937 (m) CC

970 (nd) 970 (w) 970 (nd) V@O

1004 (s) 1004 (s) 1004 (s) Phe

1250 (m) 1255 (m) 1257 (m-s) Amide III

1270 (m) 1270 (m-s) 1274 (m)

1386 (w) 1393 (w) 1388 (w) CO2
�

1403 (w) 1404 (w) 1403 (w)

14445 (s) 1442 (s) 1442 (s) CH2

1456 (w,sh) 1454 (w, sh) 1454 (w, sh)

1552 (w) 1548 (w) 1546 (w) Amide II

1657 (s) 1660 (w, broad band) 1657 (s) Amide I

a Free BSA solution in 2% w/v in Tris–HCl buffer (0.1 M, pH 7.4) and

BSA/VO2+ and BSA=VO3
� complexes were produced in Tris–HCl

buffer solutions with [BSA] = 2% w/v, and [VO2+] = 0.5 mM or

½VO3
�� ¼ 0:5 mM, respectively. Letters in parentheses ‘w’, ‘m’, ‘s’,

and ‘nd’ mean relative intensities, ‘weak’, ‘medium’, and ‘strong’, and

‘not detected’, respectively, while ‘sh’ denotes that the peak consti-

tutes a shoulder of a band.
b Band assignment was performed taking into account Refs. 29, 30, 35,

47 and 72.
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tiary structure (environment of tyrosine side
chain, disulfide bridge conformations, hydrophobic
interactions, salt bridges) can also be revealed by this
technique.29,32,64–68

To facilitate the study of the interaction between vana-
dium species and BSA, the secondary structure analysis
in Amide III region was performed with FT-Raman
spectra of BSA, BSA/VO2+, and BSA=VO3

� complexes.
As it was found in our FT-IR spectroscopy results this
interaction could be detectable in FT-Raman spectra if
vanadium species concentration was higher than 0.5 M
(data not shown). Figure 4 and Table 2 show band
intensities of the major components (a-helix, random
coil, and b-sheet) of Amide III region in vector normal-
ized spectra of BSA, BSA/VO2+, and BSA=VO3

�. BSA
spectra displayed higher intensity at the bands assigned
to a-helix conformation (1280–1270 cm�1) with a minor
contribution of b conformation (1235–1225 cm�1) and
random coil structure (1265–1240 cm�1). By means of
FT-Raman spectroscopy it was possible to study how
BSA underwent a conformational change from ordered
structures to random coil when it was incubated with
vanadyl salts. This protein unfolding was indicated in
BSA/VO2+ spectra as a broad band with a relatively
high intensity in the region assigned to random coil con-
formation, with respect to the same band for native BSA
and BSA=VO3

� spectra. On the other hand, a high
intensity in the band assigned to a-helix conformation
was found in BSA=VO3

� complex spectra with a lower
intensity for the bands assigned to random coil and b-
structures (Fig. 4 and Table 2). Although an accurate
quantitative analysis of a-helix, b-type structures, and
random coil contributions is not allowed to be per-
formed by FT-Raman, the results shown in Figure 4
0
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Figure 4. Band Intensity calculated in Amide III region with vector

normalized in the whole range (4000–500 cm�1) spectra. Baseline was

corrected as indicated in methods. j a-helix (1280–1270 cm�1),

random coil (1265–1240 cm�1), and b-sheet (1235–1225 cm�1)

contributions. Standard errors are indicated with bars.
and Table 2 are consistent with the results obtained by
FT-IR/ATR spectroscopy displayed in Table 1.

2.2.1. Tyrosine doublet. One of the significant changes ob-
served in BSA Raman spectra when BSA was incubated
with vanadium species was in the lines assigned to the aro-
matic-side chain vibrations of tyrosine groups. The de-
tected changes indicated that the microenvironments of
tyrosyl groups were greatly altered by the interaction of
BSA with vanadium ions. The ratio of the tyrosyl doublet
around 850 and 830 cm�1 (I850/830) is known as a good
indicator of the hydrogen bonding of the phenolic hydro-
xyl group. A decrease of I850/830 ratio was reported to re-
flect an increase in buriedness suggesting possible
involvement of tyrosyl residues in intermolecular interac-
tions.29 When tyrosine residues are exposed, the 850 cm�1

band becomes more intense than the 830 cm�1 band.29

The I850/830 value calculated for BSA/VO2+ complexes
was significantly higher than the value obtained for
BSA=VO3

� complexes (1.82 ± 0.05 vs 0.59 ± 0.01) indi-
cating that in BSA/VO2+ complexes a higher number of
tyrosine groups could be exposed to the surface of the pro-
tein (Fig. 5A). These results would be due to the disrup-
tion of the a-helix conformations and the enhanced in
random coil structure that occurred in BSA/VO2+ com-
plexes, demonstrated by the analysis of Amide I and III
by ATR-FT-IR and Raman spectroscopy, respectively.
On the other hand, for BSA=VO3

� complexes spectra
the intensity of the peak assigned to buried tyrosine was
0.44 ± 0.02 compared to 0.25 ± 0.01 for BSA/VO2+ com-
plexes (Fig. 5A). The secondary structure of BSA=VO3

�

complexes was characterized by a high contribution of
a-helix conformation (70%), and then tyrosil groups
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Figure 5. FT-Raman spectra of —– vanadate ðBSA=VO3
�Þ and . . .. . . vanadyl (BSA/VO2+) complexes, obtained from freeze–dried power. Spectra

were vector normalized in the whole range. (A) Tyrosine doublet (B) carboxylate vibration modes indicating charged side chains and salt bridging,

and (C) disulfide bridges.

E. G. Ferrer et al. / Bioorg. Med. Chem. 16 (2008) 3878–3886 3883
might be mainly evolved in the interaction among a-helix
segments.

2.2.2. Charged side chains and salts bridging. Spectral fea-
tures of carboxylate salt bridges were studied by means of
1410 and 1386 cm�1 band frequencies attributed to the
COO� vibrational mode which up shifts when salt bridge
disruption is produced.37,72 In fact, it was well established
that COO� bands shift to higher frequencies as the inter-
actions of COO� groups with their oppositely charged
partners weakened (mainly Arg and Lys).72 The FT-Ra-
man vector normalized in the whole range spectra showed
an up shift of the 1386 cm�1 band to 1388 cm�1 for
BSA=VO3

� and 1393 cm�1 for BSA/VO2+ complexes that
could be interpreted in terms of salt bridge disruption
(Fig. 5B). In the case of BSA/VO2+ complexes, two main
factors could be contributing: the disruption of salt
bridges due to the enhanced in random coil conformation,
and a possible disruption of the normal salt bridges as a
result of a change in the oppositely charged partners
(Lys or Arg) that could be replaced by VO2+ cations
and lead to changes in the normal salts bridges and the
corresponding Raman spectral bands. In the case of
BSA=VO3

� complexes, the negative species (VO3
�) could

also be interfering with the normal partners of COO� as
the side chains of Lys or Arg producing changes in the typ-
ical spectral signals of salt bridges.

2.2.3. Disulfide bridges. Disulfide bridges are important
elements that add to the stability of the entire molecular
structure of the protein.29,72 Raman spectroscopy pro-
vides the only direct way of analyzing disulfide bonds.
Our results showed that as it was previously described
for BSA, the 18 disulfide groups have a typical S–S fre-
quency at 503 cm�1 assigned to the gauche–gauche–
gauche (g–g–g)29 conformation (data not shown). For
BSA/VO2+ complexes two fairly broad bands were ob-
served, one at 503 cm�1 and the other centered at
533 cm�1 (Fig. 5C). BSA=VO3

� complexes spectra, on
the other hand, showed a very broad band in the region
of 550–500 cm�1 with four main peaks, 503, 515, 530,
and 542 cm�1, suggesting that significant changes in the
geometry of the CSSC dihedral angles were produced in
BSA conformation when incubated with VO3

� species.
3. Summary and conclusions

The present data show that the native conformation of
BSA is affected when it is incubated with both bioactive
VO2+ and VO3

� species. As regards BSA/VO2+ complexes
a substantial increase in random coil conformation, a
higher exposure of tyrosine groups, a significant disrup-
tion of salt bridging sites, and conformational variations
of disulfide bonds were the main structural changes ob-
served in comparison with BSA structure. In contrast,
BSA=VO3

� complexes showed a significant change in sec-
ondary structure conformation but with a substantial in-
crease of a-sheet structure (pointing to a more ordered
structure). Additionally, though in a minor proportion
than oxovanadium(IV) complexes, salt bridging sites
were disrupted with a higher exposition of tyrosine resi-
dues. Finally, conformational variations of disulfide
bonds were detected for BSA=VO3

� complexes in com-
parison with BSA structure. Also the relevance of the role
of the vanadate anion (esspecially its size) could be related
to its ability to bind BSA protein.

Therefore, this study clearly shows that the spectro-
scopic techniques FT-IR, FT-Raman, and UV–Vis
spectroscopies used in a complementary way as they
have been applied in this work enabled the direct
detection of significant structural changes in BSA sec-
ondary and tertiary structure when incubated with vana-
dium species. Furthermore, a detailed secondary
structural conformation analysis of BSA, BSA/VO2+,
and BSA=VO3

� complexes could be performed. Former
studies have been focused on the effects in the coordina-
tion mode of the vanadyl complexes. Not much investi-
gation has been carried out in order to study the
structural and conformational modifications in the
protein after the metal binding. The results obtained
herein might help to provide more evidences on the
mode of action of the vanadium species interacting with
the BSA plasma protein.

As it is mentioned above, the results obtained for vana-
dyl are consistent with those for the interaction of posi-
tive ions, though oxovanadium species seem to cause
stronger perturbation on BSA than observed for HSA.
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The understanding of the different structural changes
that vanadyl and vanadate species produced in BSA
structure could serve for a better knowledge of the
mechanism that is involved in the therapeutic action of
organic vanadium complexes, which denote different
and relevant biological activities (e.g., insulin mimetic
and anticarcinogenic properties).
4. Experimental

4.1. Materials and methods

4.1.1. Protein and complex preparation. Bovine serum
albumin BSA (A-6003, essentially fatty acid-free) was
obtained from Sigma Chemical Company (St. Louis,
MO) and used as supplied. The VOCl2Æ2H2O (Carlo
Erba) and NaVO3 (Aldrich) salts used were of analytical
grade. These drugs were selected considering that chlo-
ride and sodium are the most abundant ions in plasma.
BSA was dissolved in Tris–HCl (0.1 M, pH 7.4) buffer to
attain a final concentration of 4% w/v (�0.6 mM).
Vanadium salt solutions were added drop wise to the
2% BSA solution (�0.3 mM) with constant stirring to
ensure the formation of homogeneous solution and to
obtain the desired metal ion concentration of 0.005,
0.05, and 0.5 mM. The BSA concentration used in this
study is the one usually applied in metal–albumin inter-
actions (e.g., human serum albumin is about 0.63 mM
(40 mg/ml) in blood). Three independent replicates of
BSA solutions, BSA/VO2+, and BSA=VO3

� complexes
were performed. Solutions were allowed to stand for
1 h before being placed on the ATR cells. These solu-
tions were also assayed by UV–Vis electronic spectros-
copy. In order to improve signal–noise ratio in Raman
spectra, Tris–HCl buffer, BSA solutions, and BSA/vana-
dium complexes were lyophilized. This procedure was
carried out taking into account that as occurred with
other proteins, particularly globulins, FT-Raman spec-
tra of protein solutions and freeze–dried powders are al-
most identical, therefore, freeze drying do not affect
protein conformation as determined by FT-Raman
spectroscopy.29,37,69

4.1.2. Spectroscopic measurements and data processing
4.1.2.1. FT-IR spectroscopy. FT-IR/ATR spectra

were recorded with a Bruker IFS 66 FTIR-spectropho-
tometer from 4000 to 400 cm�1 equipped with an inter-
nal reflectance accessory using ZnSe crystal designed to
have one angle of light incidence of 45�. Spectra were re-
corded at room temperature with a spectral resolution
of 4 cm�1. To improve the signal-to-noise ratio, 200
scans were averaged for each spectrum. As most avail-
able published peak tables commonly contain and refer
to transmission spectra, peak positions, absorbance
intensities, and overall spectral patterns were corrected
by ATR correction algorithms. Spectra of the Tris-buf-
fer were subtracted from protein solution and protein–
vanadium species prior to obtaining the second deriva-
tive spectra in a similar procedure described in the liter-
ature.28 A good subtraction was obtained by a flat
baseline around 2200 cm�1 caused by the cancellation
of the water combination mode (1600 + 600 cm�1).
Several control tests with the same protein and metal
ion solutions were made in order to obtain a flat base-
line.70 The results were reported as averages of the three
independent replicates. For each treatment the corre-
sponding average spectra (Xm) and standard deviation
(r) were calculated using Opus software. For the analy-
sis of differences among treatments Xm ± 2r were taken
into account (confidence limit 97.7%) (OPUS, Bruker
Optics, USA).

4.1.2.2. Determination of protein secondary structure.
Determination of secondary structure of BSA and BSA/
vanadium complexes was carried out on the basis of the
procedure described by Byler and Susi.71 The Amide I
region (1700–1600 cm�1) was used to investigate the sec-
ondary structure of BSA in aqueous solution in a quan-
titative manner. The frequencies, the number of peaks to
be fitted, and the half-width of each peak to start a least-
square iterative curve-fitting procedure were those ob-
tained from the second derivative of the original spectra.
The areas of the bands were calculated by integration of
the corresponding fitted band. A straight baseline pass-
ing through the ordinates at 1700 and 1600 cm�1 was
adjusted as an additional parameter to obtain a best
fit. The curve-fitting procedure was performed by
stepwise iterative adjustment towards a minimum root-
mean-square error of the different parameters determin-
ing the shape and position of the absorption peaks. It
was carried out by assuming an initial mixed Lorentz-
ian–Gaussian line-shape function, with full width band
at half-height (FWHH) of 13–18 cm�1 and a maximum
resolution factor. Base line corrections, normalization,
derivation, curve fitting and area calculation were car-
ried out by means of Grams/32 (Galactic Industries Cor-
poration, USA) software, OPUS 3.1 and Perkin-Elmer
software. The resulting fitted curve was analyzed taking
into account the band assignment for the secondary
structure previously reported in the literature,6 a-helix,
1658–1650 cm�1; b-sheets, 1637–1613 cm�1; turns,
1673–1666 cm�1; random coil, 1645–1637 cm�1; and b-
antiparallel, 1695–1675 cm�1. In order to calculate the
percentage contribution of the different types of confor-
mations to the area of all the components, bands as-
signed to a given conformation were summed and
divided by the total Amide I area.48 The obtained num-
ber was taken as the proportion of the polypeptide chain
in the corresponding conformation.

4.1.2.3. UV–Vis spectroscopy. Electronic absorption
spectra were recorded with a Hewlett–Packard 8453
diode-array spectrophotometer, using 1 cm quartz cells
in the range (200–800 nm). Buffer solutions were placed
in the reference compartment. Three independent repli-
cates of BSA suspension and the corresponding com-
plexes were measured.

4.1.2.4. FT-Raman spectroscopy. Raman spectra were
collected on a Bruker IFS 113 FT-IR spectrophotometer
provided with the NIR Raman attachment equipped
with an Nd:YAG laser at 1064 nm laser. Frequency cal-
ibration of the instrument was undertaken using the sul-
fur line at 217 cm�1. Spectra were recorded at room
temperature with a laser power of 500 mW, and spectral
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resolution of 4 cm�1. Each spectrum was obtained after
collecting and averaging 2000 scans in order to obtain
high signal-to-noise ratio spectra. FT-Raman spectra
were plotted as intensity (arbitrary units) against Raman
shift in wavenumber (cm�1). All spectra were vector
normalized in the whole range (4000–500 cm�1). The
plotting, processing, normalizations, manipulations,
and evaluation of spectra were carried out through
OPUS software (Bruker Optics, Germany). Buffer spec-
tra were recorded with the same instrument settings em-
ployed for protein solutions and when it was necessary,
bands were further compensated by computer subtrac-
tion techniques (Opus software). Band intensities were
calculated after a linear baseline correction performed
with an integration method developed within OPUS
software. Particularly, in Amide III region, peak intensi-
ties were calculated in the range 1280–1200 cm�1 setting
up two different baselines: (1) a straight line connecting
1280 with 1230 cm�1 for the calculation of a (near
1277 cm�1) and random coil (near 1248 cm�1) contribu-
tions, and (2) another straight line connecting 1230 with
1200 cm�1 for the calculation of peak intensity associ-
ated to b-sheet contribution (near 1231 cm�1). The
intensity values obtained for the tyrosine doublet were
calculated relative to the local baseline of each peak
(830 and 850 cm�1). Band assignment of the major
vibrational motions of the side chains or the peptide
backbone was based on comparison to Raman data
reported in the literature.29,30,35,47,72 All analyses were
performed in three independent experiments, and the re-
sults were reported as averages of these replicates.
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