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Abstract 

Vanadium is an important trace metal widely distributed in environment. Interaction of  vanadate with skeletal muscle sarco- 
lemma and basement membrane has been focussed. Scatchard analysis indicated the presence of more than one binding site 
for vanadate. Vanadate inhibits sarcolemmal and intestinal brush border membrane enzymes in a non-competitive manner. 
Membrane-vanadium interaction may lead to several structural and functional changes. The binding of  vanadium to basement 
membrane may have some protective role. (Mol Cell Biochem 153:167-17 I, 1995) 
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Introduction 

Unlike organic pollutants,, the trace metals are not biodegrad- 
able and they tend to build up the ecosystem to levels which 
may be toxic. Vanadium is an important trace metal that is 
widely distributed in environment. It is considered as an es- 
sential element but it is highly toxic when introduced in ex- 
cessive doses to animals; and humans [1]. It is used exten- 
sively in various types of industry, and exposure to high va- 
nadium levels is not uncommon. Due to its wide industrial 
use, the biological actions of vanadium are of interest [2]. 
Vanadium compounds enter the body primarily through the 
lungs where they are absorbed slowly and excreted mainly 
in the urine [ 1 ]. Vanadium fumes induce inflamatory changes 
in the mucous membranes of the respiratory tract in exposed 
humans and animals. Inhalation exposure to vanadium can 
cause conjuctivitis, pharyngitis, rhinitis, chronic productive 
cough and tightness of the chest [3]. In case of severe expo- 
sure, vanadium may cause cellular necrosis to liver and kid- 
ney. Vanadium salts have been used medicinally as antiseptic, 
spirochetocide, antituberculotic and antianemic agents [3]. 
Further, vanadate has been reported to counteract glucagon 
effects in isolated rat hepatocytes [4]. The medicinal use may 
also result in gastrointestinal disorders and nervous system 
effects [5]. The absorption of vanadium through the gastro- 
intestinal tract is low [6, 7]. However, vanadium has been 

reported in tissues and urine with in hours after a single [8] 
and repeated oral exposure in rats [9]. Much higher absorp- 
tion of vanadium in young rats have been observed due to a 
greater nonselective permeability of  the undeveloped intes- 
tinal barrier [10]. Vanadium is rapidly distributed in tissues 
after inhalation or oral exposures. There is an initial accumu- 
lation in the lungs, kidneys, liver and muscles. However, 
retention of vanadium occurs primarily in the bone [8, 10]. 

Membrane as a model for  toxicity evaluation 

Chemicals encountered in occupation or in environment 
undergo physico-chemical interactions with reactive biologi- 
cal entities to manifest their pathological, physiological or 
pharamacological effects. The prime target sites for xeno- 
biotic toxicity are surface membranes possibly due to their 
exposed location and chemical reactivity. The interaction of  
a chemical with either protein or lipid components of the cell 
membrane may substantially alter membrane structure and 
function. 

In addition to the well defined and widely worked out 
erythrocyte plasma membrane, the other important surface 
membranes which come directly in contact with xenobiotics 
are skeletal muscle cells sarcolemma and intestinal brush 
border membrane (BBM). Sarcolemma is made up of  a 
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plasma membrane, a felt-like electron dense basal lamina, and 
an overlying reticular lamina containing collagen and 
reticular fibrils embedded in an amorphos matrix [11,12]. 
Basal lamina and reticular lamina together constitute base- 
ment membrane (B.M.). Sarcolemma plays an important role 
in the excitation and contraction phenomenon of muscles 
[13]. In general, basement membrane is known to play sig- 
nificant role in filteration, structural organization of tissues 
and cell-cell adhesion [14]. The intestinal BBM is highly 
specialized plasma membrane responsible for digestive and 
absorptive functions and their closed vesicles retain the origi- 
nal orientation of the membrane [15]. 

Sarcolemmal and basement membrane interaction of  
vanadium 

While there are many reports which describe the inhibition 
of membrane bound ATPase and other enzymes by vanad- 
ate, studies on skeletal muscle sarcolemmal enzymes are 
scanty. The preceding text is mainly focussed on frog skel- 
etal muscle sarcolemma. Owing to the fact that bulk of the 
literature is available on the mechanism of action of  
vanadate on Na§ from a wide range of sources 
and the functions of this enzyme in skeletal muscle are lit- 
tle appreciated as compared to Ca2§ The present ar- 
ticle, therefore, does not deal much with Na+K§ We 
have demonstrated the presence of  Ca2+-ATPase, Mg 2§ 
ATPase, Ca2++Mg-ATPase, 5'-nucleotidase, alkaline phos- 
phatase and acetyl cholinesterase in purified frog skeletal 
muscle sarcolemma. Most of the enzymes were inhibited by 
vanadate, with the prominent exception of acetyl choline- 
sterase (Figs 1 and 2). In frog sarcolemma, the ion transport- 
ing ATPases, 5'-nucleotidase and alkaline phosphatase 

behaved similarly to vanadate and can be considered in the 
same class due to their common feature distinguished by the 
formation of a phosphoenzyme intermediate during the re- 
action cycle�9 Acetyl cholinesterase is structurally and func- 
tionally different from the above enzymes and therefore its 
response against vanadate is different. It has been shown that 
vanadate stimulates rather to inhibit acetyl cholinesterase 
in rat ventricular strips, electric eel and also in erythrocytes 
[16]. However, frog sarcolemmal esterase revealed no sig- 
nificant effect of vanadate. 
Vanadate inhibition of frog skeletal muscle sarcolemmal 
ATPases was non-competitive type. Inhibitor constant of 
Ca2+-ATPase at two different substrate concentrations re- 
vealed Ki value of 4.6 x 10 -5 M. Additional enzyme kinetic 
studies indicated that vanadate did not effect the Krn (1.10 
raM) of the enzyme but it reduced the Vmax (0.80 umole Pi/ 
mg/h to 0.55 umole). It has also been shown that vanadate 
acts as a non-competitive inhibitor to plasma membrane 
ATPases of yeast and corn root [17, 18]. The mechanistic 
view of the action ofvanadate on phosphoenzyme ion trans- 
port ATPases and other enzymes of this catagory can be un- 
derstood by considering the structure of these enzyme 
molecules.All members of this class are inhibited by vanad- 
ate. Vanadate enters the reaction sequence by the back door 
and forms a stable inactive complex in a reversible reaction 
with the E z conformation of the enzyme in a stoicheometry 
of one vanadate bound per active site for phosphorylation 
[ 19]. Vanadate is also known to induce the formation of two- 
dimensional crystalline arrays of Ca2§ molecule in 
sarcoplasmic reticulum membrane vesicles [20]. 

Not much is available in literature on the mechanism of 
action of vanadate on 5'-nucleotidase. The presence of 5'- 
nucleotidase is controversial in all membranes. However, we 
observed good activity of this enzyme in frog skeletal sarco- 
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Fig. 1. Inhibition pattern of frog skeletal muscle sarcolemmal ATPases by vanadate. 
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r w . . . .  Fig. 2. Inhibition pattern of frog skeletal muscle sa colemmal 5 -nucleotldase and alkaline phosphatase by vanadate. The upper hne vanadate concentrat]ons 
refer to 5'-nucleotidase and the lower line to alkaline phosphatase. 

lemma. 5'-nucleotidase was also inhibited non-competi- 
tively by vanadate. Inhibitor constant (Ki) value was 6.2 x 
10 -5 M. Further, vanadate did not effect the Krn (0.75 mM) 
of  the enzyme but reduced the Vmax (0.066-0.038 mole ) .  
Similar inhibitory response of  vanadate on 5'-nucleotidase 
could be due to its resemblence with ATPases in at least 
carrying out the reaction cycles in similar manner. 

The effect of  vanadate on the inhibition of alkaline phos- 
phatase have been studie, d in few cases [21-23]. However, 
the mode ofvanadate action on alkaline phosphatase in most 
of the studies are not well discussed. Kinetic studies on al- 
kaline phosphatase of  frog sarcolemma demonstrated that 
vanadate inhibits in a non-competitive manner. The inhibi- 
tor constant (Ki) was found to be 4.2 uM which is compara- 
ble with the findings on rat mesentric artery and human liver 
alkaline phosphatase [21, 22]. The higher sensitivity of  al- 
kaline phosphatase to vanadate may be, in part, due to that it 
is closely related to Na*+K§ as is the case with K § 
activated p-nitrophenyl phosphatase. Since vanadate is a 
potent inhibitor of Na++K+-ATPase and it also inhibits K § 
dependent phosphatase approximately with the similar po- 
tential, it is likely for the vanadate to inhibit alkaline phos- 
phatase in a similar fashion. 

Vanadate binding studies with isolated frog skeletal mus- 
cle sarcolemma and basement membrane revealed a concen- 
tration-dependent binding. Scatchard analysis indicated 
biphasic curves with a high and low affinity components for 
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Fig. 3. Scatchard analysis of the data for the binding of ammonium 
metavanadate to frog skeletal muscle sarcolemma. B is the concentration 
of bound and F is the concentration of free vanadium. Dotted straight 
line was obtained after applying correction factor for non specific binding 
sites showing the presence of one major binding site. 

both membranes (Figs 3 and 4). This suggests the existence 
of more than one binding site responsible for binding of va- 
nadium. The binding constants for high affinity binding site 
of sarcolemma w e r e  n I = 3.8 n mole/mg protein, k 1 = 1.57 x 
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Fig. 4. Scatchard analysis of the data for the binding of ammonium 
metavanadate to frog skeletal muscle basement membrane. Dotted straight 
line was obtained after applying correction factor for non specific binding 
sites showing the presence of one major binding site. 

107 M -x and that of basement membrane were n~ = 4.1 nmole/ 
mg protein, k I = 1.31 x 107 M -1. Their respective low affin- 
ity binding constants were n 2 = 11.4 n mole/mg protein, k 2 
= 6.55 x 105 M -~ and n z = 12.8 n mole/mg protein, k z = 4.69 
x 105 M -1. Applying correction factor to minimize the non- 
specific binding sites, the biphasic curve was converted into 
a straight line suggesting that there exist at least one major 

binding site in sarcolemma as well as in basement mem- 
brane. The binding constants obtained after correction were 
also similar to the high affinity constants. 

Interaction of vanadium with biological entities are of great 
interest. Besides binding to membranous components, vanadium 
compounds can also bind to some endogenous phosphate, car- 
boxyl and amino-ligands present inside the cell [24]. However, 
binding of vanadium with basement membrane suggest that the 
cells having an outer layer of basement membrane such as skel- 
etal muscle, lens capsule and kidney cortex, could play signifi- 
cant protective role against its entry into the cell [25]. 

Intestinal brush border membrane interaction of vanadium 

Significant concentration-dependent inhibition of  rat intest- 
inal brush border membrane Ca2++Mg2+-ATPase and alkaline 
phosphatase were observed following vanadium expo- 
sure (Fig. 5). However, inhibition of  disaccharidases and 
acetyl cholinesterase activities were not observed over the va- 
nadium concentrations upto 40 mM. The toxicokinetic study 
of Ca2§247 and alkaline phosphatase further indi- 
cated that the inhibition caused by vanadium was non-com- 
petitive type [26]. This is in agreement with earlier findings 
on sarcolemma membrane ATPase and alkaline phosphatase 
and further suggest a generalized mode of vanadium action. 
These enzymes are involved in the movement of important 
intermediates across the intestinal brush border membrane. 
Therefore, inhibition of  ATPase and phophatase by vana- 
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d i u m  m a y  br ing  about  de le te r ious  effects  at least  in h igher  

concen t ra t ions .  

Conclusions 

This  ar t icle  has focused  on v a n a d i u m  in terac t ion  wi th  skel-  

e tal  m u s c l e  s a r c o l e m m a l  m e m b r a n e  and  in tes t ina l  b rush  

border  m e m b r a n e  enzymes .  M e m b r a n e  enzymes  inhibited by 

vanadate  in a n o n - c o m p e t i t i v e  m a n n e r  suggests  that  it b inds 

the e n z y m e  m o l e c u l e s  e i ther  at the ac t ive  site or  any other  

ava i lab le  site. Fu r the rmore ,  vanada te  b ind ing  wi th  surface 

m e m b r a n e s  also indica tes  the ex i s tance  o f  s o m e  structural  

const i tuents  (v is -a -v is  m e m b r a n e  enzymes )  respons ib le  for  

its binding.  The  b inding  o fvanada t e  to enzyme(s)  could  cause 

the con fo rma t iona l  changes  resul t ing  into the enzymat i ca l ly  

inac t ive  state. 
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