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Abstract 

Oxovanadium(IV) coordination to native and modified soluble collagen from calf skin, has been studied 
by EPR spectroscopy on aqueous and lyophilized samples at physiological pH. At room temperature, 
the isotropic spectrum go= 1.967, A0 = 95.61 x lo-’ cm-’ of a VO(IV)-collagen complex, weakly im- 
mobilized in solution has been seen, with vanadyl rotational correlation time T,= 6 X 10e9 s shorter 
than rotational tumbling time r,= lo-’ s of the whole protein. This is probing a local environment for 
the VO(IV) site and vanadyl monocoordination to the protein. Simultaneously, an anisotropic spectrum 
with axial symmetry has been detected from VO(IV)-native collagen and VO(IV)-derivative collagen 
complexes in solution at 77 K and, in the solid fibrous state at both r.t. and 77 K. The apparent go 
and A,, values calculated for the powder spectra are comparable with those of solution spectra at r.t. 
of VO(IV)-insulin in the A site and VO(IV)-(N,O1) model compounds. However, oxovanadium(IV) 
seems to interact with two nitrogens and two water molecules on the equatorial plane. The two protein 
nitrogen ligands could be two imidaxole nitrogens, or one imidazole nitrogen and one amino group, 
or two amino groups. By increasing the vanadyl concentration, the metal-ion interaction with tropocollagen 
molecules loses its specificity, to give a mixture of VO(IV)-collagen compounds. 

Introduction 

Studies on Cu(II)-collagen and Cu(II)-modified 
collagen using different kinds of collagen have been 
made in our laboratory [l, 21. The Nm,,,(histidine) 
and the E NH, (lysine and hydroxolysine) sites on 
the protein, as potential binding sites for the copper 
present in lysiloxidase, have been investigated. In- 
termolecular cross-links in collagen seem to be the 
E NH2 groups close to the histidine residue at the 
end of the tropocollagen molecule [3, 41. 

On this basis, structural and conformational studies 
were made on native collagen, and on its derivatives 
(deuterated collagen, collagen with methylated car- 
boxylate groups and collagen with dinitrophenylated 
amino groups) using VO(IV) as an EPR probe. We 
chose to operate on calf skin collagen which is the 
most similar to human collagen, and to use the 
vanadyl as interacting metal-ion because vanadium 

*Abbrevations: D-collagen, deuterated collagen; Cl&O- 
collagen, collagen with methylated carboxylate groups; 
DNP-collagen, collagen with dinitrophenylated amino 
groups. 

is present in living beings and has been identified 
in viva from tissues as VO(IV) by EPR [5]. 

Furthermore as is well known, EPR studies on 
VO(IV)-globular proteins (e.g. insulin and carbonic 
anidrase), VO(IV)-nucleic acid and VO(IV)-model 
compounds, gave some important structural infor- 
mations on their metal active sites [6] and VO(IV) 
is a very convenient EPR probe because it provides 
very narrow EPR spectra observable at room tem- 
perature. 

Materials and methods 

Native soluble calf- skin collagen, freshly made, 
was purchased from Sigma and purified from metal- 
ion impurities by dialysis against EDTA 0.1 M on 
magnetic stirring, for 24 h at 4°C. Deuterated-col- 
lagen, CI&O-collagen and DNP-collagen were made 
in our laboratory according to published procedures 
[l]; VOS04-5H20 and the other reagents were ana- 
lytical grade from Merck. 

The protein solutions were purged with nitrogen 
gas before addition of vanadyl ion to avoid oxidation, 
then 0.05, 0.75 and 5.00 ml (5.0X lo-’ M) of 
VOS04*5Hz0 were added to 50.0 ml of protein 
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aqueous solution (5.0X lo-’ M) to have 
VO(lV)-protein molar ratios of l:l, 15:l and lOO:l, 
respectively. All samples were adjusted to pH = 7 
using NaOH (0.1 N). Equivalent solutions were made 
in NaCl (0.1 M) and Hepes (0.1 M). 

To make solid samples, the solutions were lyo- 
philized and held in a vacuum drying apparatus. 

Vanadium contents for all samples were evaluated 
by atomic absorption spectroscopy and by EPR spec- 
troscopy using VOS04*5H20 as a standard. In this 
case we considered the intensity for the central peak 
of the spectral pattern of the complexes based on 
the signal-to-gain ratio. 

Tripsin assay and viscosity measurements on the 
treated and untreated samples assure that they are 
undenatured [2]. The vanadyl ion was removed from 
the VO(IV) complexes by EDTA 0.1 M. EPR spectra 
were made on solutions and on lyophilized samples 
at room temperature and at 77 K, using a Varian 
E 109 X band spectrometer equipped with AQM, 
AurigaKT (Stelar) data system. 

Results and discussion 

The VO(lV)-collagen solution 1:l molar ratio at 
r.t. and physiological pH, possesses the vanadyl iso- 
tropic pattern typical of oxovanadium(IV) complexes 
weakly immobilized in solution, 7r= 6 X lo-’ s, as 
estimated from an empirical formula reported in ref. 
7, andgo=1.967,Ao=95.61X10-4 cm-’ (Fig. l(A)), 
which exclude the presence of the polymeric or 
oligomeric species [VO(OH),]-, EPR undetectable, 
and of [VO(H,O),]“, go = 1.964, A0 = 106.30 x 10e4 
cm-’ [6]. 

The rotational correlation time TV= 6X lo-’ s of 
the vanadyl site is much shorter than the overall 
tumbling time TV = lo-’ s, estimated from the Debye 
relationship for the whole protein. This is thus probing 
a local environment for the metal-ion, and suggests 
its apical monocoordination to the protein. An ana- 
logous type of coordination has been found for the 
weak sites of carboxypeptidase A [6]. 

Furthermore, this is in good agreement with the 
hypothesis that oxovanadium(IV), due to its steric 
hindrance, can interact easier with collagen in the 
non-triple-helical regions, at the end of the chains, 
made of 9-50 amino acid residues [8]. The time 
scale TV estimated for these regions falls between 
~~z2.7~ lo-” s and T,= 1.5 X 10m9 s values, close 
to the vanadyl time scale TV= 6 X lo-’ s. The EPR 
parameters go and Ao, and the presence of a histidine 
and an E NH2 residue at the end of the chain, could 
suggest nitrogen coordination to the protein. 

Up to about 15 mol VO(N)/mol protein the 
apparent A0 value of the spectrum appears slightly 
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Fig. 1. (A) Isotropic EPR spectrum of VO(IV)-collagen 
in solution at r.t., (B) anisotropic EPR spectrum of the 
complex in a rigid matrix. 

modified. Since one tropocollagen molecule (calf 
skin, rat skin and human placenta) contains fifteen 
histidine residues, one mole of collagen can fix a 
number of vanadyl ions equal to the histidine residues, 
to give possibly more VO(IV)-N(histidine) equivalent 
species, as happens for collagen-copper interaction 

PI- 
When concentration increases to 100 mol VO(IV)/ 

mol protein, the EPR apparent parameter 
Ao= 102.02~ 10m4 cm-’ becomes higher, and is in- 
dicative of VO*+ binding to carboxylategroups, that 
are weakly coordinating sites [9]. 

More generally, in the last two cases, because the 
line intensities of the isotropic spectra are enhanced 
regularly, we can argue that more metal-ions can 
interact with more tropocollagen molecules on dif- 
ferent metal binding sites. 

The VO(IV)-collagen samples (1:l) in NaCl 0.1 
M and Hepes 0.1 M, present analogous EPR patterns 
and parameters, which suggest that, also in these 
conditions, only one major species is present in 
solution at physiological pH. The presence of Na+ 
in solution does not influence the VO(IV)-collagen 
coordination and the buffer does not appreciably 
interact with vanadyl. 
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TABLE 1. EPR parameters of VO(IV)-native collagen and VO(IV)-derivative collagen complexesbb 

Protein gll g, go All A, A0 
(X 10S4 cm-‘) 

Collagen 1.934 1.965 1.955 168.40 61.80 97.33 
DNP-collagen 1.931 1.969 1.956 168.01 61.71 97.14 
C&O-collagen 1.926 1.963 1.951 167.25 60.66 96.19 
Collagen (NaCI) 1.926 1.962 1.950 167.09 61.11 96.44 
Collagen (Hepes) 1.924 1.965 1.951 167.20 60.80 96.27 
D-collagen 1.921 1.956 1.944 166.10 60.30 95.57 

PVO(IV)-collagen solution at r.t. molar ratio 1:l gives: g,,= 1.967; 4,,=95.61 X 10m4 cm-‘. bVO(IV)-collagen lyophilized 
at r.t. molar ratio 1:l gives: gll = 1.922; g, = 1.960; A,, = 166.50x 1O-4 cm-‘; A, =61.88~10-~ cm-'; g0=1.947; A,=96.75x 
10m4 cm-‘. VO(IV)-collagen lyophilized at 77 K, molar ratio 1:l gives: gll = 1.926; g, = 1.962; A,, = 167.09 x 1O-4 
cm-‘; A, =61.11x 1O-4 cm’; ga=1.950; Ao=96.44x10-4 cm-‘. 

With elapsing contact time, partially at room tem- 
perature, and completely with decreasing the tem- 
perature to 77 K, an anisotropic EPR pattern appears, 
showing that the metal-ion has been immobilized 
on the macromolecular proteic matrix (Fig. l(B)). 

Besides, for the correspondent lyophilized samples 
the anisotropic spectral pattern is already evident 
at room temperature. In the fibrous solid state the 
compact collagen conformation can easily immobilize 
the coordinated vanadyl ion. The anisotropy is typical 
of axial symmetry and can be described by the spin 
Hamiltonian 

with g,, <gL <2. The spin Hamiltonian parameters 
(Table 1) were calculated following an iterative pro- 
cedure using the set of equations reported in refs. 
6 and 10. 

The apparent mean values go= 1.953 and 
A0 = 96.87 x 10 A4 cm-‘, calculated for collagen frozen 
solutions at 77 K, are in good agreement with those 
of VO(IV)-insulin in the A site, where the donor 
atoms are two imidazole nitrogens and two water 
molecules [ll] (go= 1.965 andAo= 96.80 X 10e4 cm-‘) 
and those of the model compounds [VO(N202)] 
(8, = 1.968 and A0 = 96.95 X 10e4 cm-‘, 2Nm,J2H,0); 
(go = 1.968 and A0 = 95.05 X 10e4 cm-‘, 2NH2/2H20); 
(go = 1.968 and A0 = 96.00 X 10e4 cm- ‘, lNmm/lNH~) 
[12] (Table 2). In particular, we notice that the Aa 
parameter reflects the ligand environment around 
vanadyl on the equatorial plane [6]. The slight dif- 
ferences are due to the temperature effects on the 
rotational correlation time TV [6]. The EPR para- 
meters of lyophilized samples both at r.t. and 77 K 
are similar and comparable with those of solution 
samples. The g,, and g, values are close to those 
of globular proteins and slightly less than those of 
model compounds. This could be correlated to the 

TABLE 2. EPR parameters g,, (talc.) and A0 (talc.) for 
VO(N,O,) model sytems in the equatorial plane’*b 

Model systems on the g0 (ca1c.j A0 (talc.) 
equatorial plane (X 10m4 cm-‘) 

W(O4)l 1.964 108.30 
Ivw-o3N 1.965 104.15 
w(ww 1.965 102.47 
lVD(NuiS - WI 1.966 99.47 
WWrwO-W 1.967 98.52 
WW,~im,02)1 1.968 96.95 
[vo(N,~,,202)1 1.968 95.05 
[v~(him~~,~2)1 1.968 96.00 
WW4)I 1.980 77.40 

‘The go and A0 values for additivity calculations were 
taken from ref. 12. bO = HzO, O- = carboxylate group 
oxygen, NN& = amino group nitrogen, NHim = imidazole 
nitrogen. 

increase of the viscosity coefficient, going from simple 
model compounds to protein. 

VO(IV)-collagen in D20 and VO(IV)-deuterated 
collagen samples show analogous EPR patterns and 
parameters. D20 improves the spectral resolution, 
reducing the linewidth [6] and confirms the coor- 
dination of water molecules [13]. 

VO(IV)-DNP-collagen and VO(IV)-CH30- 
collagen present very, similar EPR parameters for 
all the samples analyzed in the different physical 
states. 

However, when carboxylate groups are blocked, 
the vanadyl coordination is probably addressed to 
Nmm and NNHZ, when amino groups are blocked, it 
is addressed to two N, (Table 1). 

Because of the symmetry of the ground state, 
superhyperline splitting is rarely observed with va- 
nadyl complexes. Rather, nitrogen coordination in 
frozen solution shows up as a broadening of the line 

[141* 
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In the vanadyl complexes with axial symmetry, the 
ligand opposite to the vanadyl oxygen has a very 
small effect on the EPR parameters with respect to 
the equatorial ligands. Indeed vanadium is displaced 
0.5 A out of the equatorial plane and this results 
in the weak coordination of the sixth ligand. From 
our data, hoowever, it is not possible to draw an 
exact conclusion about this ligand. The sixth position 
could be occupied by one carboxylate group of the 
tropocollagen molecule or by one water molecule. 

Conclusions 

The oxovanadium(IV) at nearly physiological pH 
seems to interact with tropocollagen at room tem- 
perature, to give preferentially nitrogen monocoor- 
dinated complexes in aqueous solution, and chelate 
complexes of the VO(IV)-(NzOz) type when the 
protein is in a rigid matrix state. 

The nitrogen and oxygen donor atoms bound to 
the metal-ion could be the N-(histidine) and/or 
the NNHZ (lysine or hydroxolysine) and the oxygens 
of the water molecules, respectively. Indeed, inter- 
action with nitrogen atoms can occur, in spite of 
metal-ion nitrogen binding being longer and therefore 
less stable [6]. As for copper, one can thus say that, 
when vanadyl interacts with the imidazole nitrogen 
and/or the amino group, it can occupy one of the 
potential sites for cross-link formation in the mature 
collagen [l, 21. 

Furthermore, it is evident that oxovanadium(IV) 
because of its steric hindrance can only bind the 
amino acid side chains at the end, or on the outside 
of the tropocollagen molecule. 

In conclusion we suggest that the nature of the 
collagen and VO(IV) interaction, in addition to being 
intermediate between that of model compounds [12] 
and that of VO(IV)-globular proteins [6], confirms 

that the non-helical end regions are very important 
sites for the formation of intermolecular bonds. 
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