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SHORT COMMUNICATIONS 

Analysis of the mechanism of the ma~esium effect on the warfarin-albumin 
interaction 

(Received 19 July 1983; accepted 28 November 1983) 

In earlier studies [l, 21 it was found that the physiologically 
important ions Ca’* and Cl- influence the binding of 
warfarin and other drugs to albumin*. CaZ+ affects the 
binding of warfarin by altering the so-called N-B transition 
of albumin which takes place in the pH region 6 to 9. 
Although Cl- also affects the binding of warfarin to albumin 
by influencing this conformational transition, its inter- 
ference with the warfarin-albumin interaction is dominated 
by competition for the warfarin binding site. Mg*+ is 
another ion which is present in serum in a considerable 
amount. Therefore in this communication we report on the 
effect of Mg’+ on the binding of warfarin to albumin. 

Pedersen [3] and Eatough et al. [4] found evidence that 
Ca’- and Mg” share their binding sites on the albumin 
molecule. Therefore the effect of Mg2+ on the binding of 
warfarin to albumin can be expected to be similar to the 
effect of Ca’-. To test whether this is, in fact, the case, we 
studied the effect of Mgz+ on the binding of warfarin to 
albumin by means of circular dichroism (CD) and equi- 
librium dialysis. CD has proven to he very useful for detect- 
ing alterations in the NSB equilibrium of albumin, when 
warfarin is used as a marker [S]. The effect of Mg?+ on the 
N-3 transition under different conditions is shown in Fig. 
1. The Ca2- effect on the N-B transition was investigated 
under the same circumstances. PreIiminary experiments at 
pH = 7.4, 8.4 and 9.0 showed that Ca*+ and Mg2+ do not 
have a qualitative effect on the induced CD spectrum of 
the warfarin-albumin complex; i.e. the maximum of the 
induced CD signal is found always around 310 nm (,&.J. 
From Fig. 1 it is clear that Mg2”- and Ca2+ cause a change 
in the 8,,,,-pH profile. reflecting a shift in the NFtB equi- 
librium of albumin. At the concentrations used, the effects 
of Mg’- and CaZ* are indistinguishable from each other. 
Due to the presence of Mgz‘ or Ca2+ the pHSo (pH where 
50% of the albumin is in the B conformation) shifts from 
7.4 to 7.1 and the value of the Hill coefficient (6,7] (a 
measure of the cooperative nature of the N-B transition of 
albumin) changes from 1.2 to 1.5. 

We also investigated the effect of Mg*+ on the binding of 
warfarin to albumin at various pH’s by means of equilibrium 
dialvsis in the way described previously [l], see Fig. 2. To 
mimmize a Donnan effect on the determination of free 
warfarin concentration (cf,,,) the experiments were per- 
formed in the presence of 100mM Cl-. The CD experi- 
ments were also carried out in the presence of 100 mM Cl- 
in order to make the circumstances identical to those for 
the equilibrium dialysis experiments. We found that at 
pH = 6 Mg?” has no signi~cant effect on the binding of 
warfarin to albumin. whereas at pH = 9 this binding is 
decreased markedly by Mg’*. These results suggest that 
Mg2- displaces warfarin only when albumin is in the B 
conformation. If this is the case, then the magnitude of the 
displacing effect of Mg*+ will parallel the fraction of the 
protein occurring in the B conformation. In such a case a 
continuous increase in the magnitude of the Mg2+ effect on 
ciiee with pH can be expected in the pH range 6-9. However, 
in Fig. 2 it is shown that such an effect occurs only for pH 
values > 7.8. At lower pH values MgZ+ has no significant 

* Albumin here means human serum albumin, 
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Fig. 1. Bobs of warfa~n-albumin complexes at 310 nm as a 
function of pH. Human serum albumin (lot number 307100, 
Biotest GmbH, Frankfurt a.M., G.F.R.) was deionized 
before use [l]. [Albumin] = 6 X 10m5 M and [warfarin] = 
6 X 10-h M. The pH was adjusted with M NaOH. f&,$ was 
measured as described previously [l]. Optical path length 
20 mm. Temperature 25°C. [Cl--] = 100 mM (0); [Cl-‘] = 
100 mM, and Mg*+ = 10mM (*); [CI-] = lOOmM, and 

[Ca2+] = 5 mM (0). 
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Fig. 2. Free warfarin concentrations as a function of pH. 
Dialysis data obtained as described previously [I], Warfarin 
concentrations were measured with a liquid scintillation 
counter (Packard, model 2425) using [iQZ]warfarin (Amer- 
sham, batch nr. 23). [Albumin] = 6 X 10e5M, [warfarin] = 
6 x 10m6 M and [Cl-] = 100 mM. In the presence of 
10 mM Mg2+ (*) and in the absence of Mg”+ (0). In the 
region pH = 8.2 - 9.3 borate buffers were used. Borate 
itself does not have any effect on the warfarin-albumin 
interaction [l]. At pH’s lower than 8.2 only M NaOH was 

used to adjust the pH. Temperature 2.5”. 
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effect on cr,,,, whereas around pH = 7.2 in the presence of 
Mg*- ctrec is a little lower than in the absence of MgZ+. 
These results therefore seem to contradict our suggestion 
that the displacement of warfarin by Mg2+ occurs only when 
the albumin is in the B conformation. However, we found 
(Fig. 1) that Mg?’ affects the N-B transition as well. For 
instance. an increase in the Hill coefficient can be noticed. 
An increase in the Hill coefficient implies that for pH 
values < pHS,, the N conformation is favoured. This effect 
explains why the curves in Fig. 2 coincide at pH < 6.8. At 
pH values > pHjo an increase in the Hill coefficient implies 
a shift of the NF~?B equilibrium towards the B con- 
formation. When Mg”+ displaces warfarin from the B con- 
formation of albumin this effect at pH > pHso is more 
pronounced as a result of the increase in the Hill coefficient. 
The Mg2+ effect on the N-B transition of albumin also 
results in a shift of the pH5” to lower values. Depending on 
the pH region this results in different overall effects of 
ME’+ on c,,,. At relativelv low PH. say PH < 7.5, where 
the’ fraction-of albumin in’ the B’ conformation is small, a 
shift in the N+B equilibrium towards the B conformation 
due to the presence of MgZ’ will lead to a decrease in cr,,,, 
since in the presence of Mg2- too the B conformation of 
albumin has-a higher affinity for warfarin than has the 
N conformation. At higher pH, say pH > 7.8, where a 
considerable fraction of-albumin is already in the B con- 
formation, the MgZ+ effect on cr,,, because of a shift in the 
NsB equilibrium towards the B conformation is domi- 
nated by the fact that MgZ- displaces warfarin from albumin 
in the B conformation. This is why the curves shown in Fig. 
2 intersect. Therefore, at the physiological pH only a minor 
effect of Mg’+ on the concentration of free warfarin can be 
observed. However, in the case of drugs exerting a stronger 
effect on the N&B equilibrium than warfarin such as 
diazepam, giving a pHS0 of about 6.0 [8], or oxy- 
phenbutazon, giving a pHSo of about 8.1 [9], it is still a 
question whether a drug displacing effect is compensated 
for by a shift in the NSB equilib&m at pH = 714. 

It should be noticed that on the alkaline side of PH = 8 
a remarkable difference between the pH-dependences of 
c~,,, and Hobr was found. In the pH region mentioned, 
albumin exists almost entirely in the B conformation and 
as far as the N-B transition is concerned, one expects only 
a small increase in &,ss and a corresponding small decrease 
in circc going from pH 8 to 9. The small decrease in cfree is 
actually found: however instead of the small increase in 
8,,,,\ a considerable decrease is found. This strong pH effect 
on the induced ellipticity of the warfarin-albumin complex 
is probably due to a conformational change in the immedi- 
ate vicinity of the warfarin binding site. However, a sig- 
nificant effect on the stability of the warfarin complex is 
not exerted. 

It will be interesting to know whether Mg*+ displaces 
warfarin from its binding site on the B conformation of 
albumin by a competitive mechanism. A double reciprocal 
plot vl_-’ vs L,-’ is frequently used [lo, 111 to determine 
whether there is competition between ligands in their pro- 
tein binding. The symbol V, is the number of molecules of 
ligand L bound per protein molecule and L, is the free 
ligand concentration. This plot resembles the Lineweaver- 
Burk plot, which is used in enzyme kinetics. When the 
straight lines obtained using different concentrations of the 
binding inhibitor intersect on the v~-* axis the conclusion 
is occasionally drawn [lo] that the displacement of the 
ligand by the inhibitor is competitive. However, in the case 
of a non-competitive displacement the point where the 
straight lines intersect is also on the v-’ axis, see Appendix. 
A different method is therefore needed to find out whether 
the mechanism involved in the displacement of warfarin by 
Mg’- is a competitive one. Such a method follows directly 
from the general equation 3 given in the appendix and 
requires the value of the slope H of a Y-’ vs crreem’ plot. 
At first, however, it has to be confirmed that under the 

experimental conditions used the double reciprocal plot is 
linear. In an earlier study [12] it was found that this is 
indeed the case. Accurate values of H can easily be obtained 
by determining cfree in plural at two extreme warfarin con- 
centrations over the concentration range where the double 
reciprocal plot is linear. The slope H of a V-’ vs c&l plot 
(see Appendix and Fig. 3) will vary with the total MgZf 
concentration [Mg*+]. It is pointed out in the appendix that 
a plot of H vs [Mg2+] will lead to a straight line with a 
positive slope when there is competition between Mg2+ and 
warfarin for one common binding site. It can be seen that 
the plot of H vs [Mg*+] is a curve which develops into a 
plateau at increasing [Mg2+]. This means that a simple 
competitive mechanism between Mg*+ and warfarin in their 
binding to albumin can be excluded. The difference in 
charge and hydrophobicity of Mg2+ and (anionic) warfarin 
is also an argument against a common binding site. Dis- 
placement of warfarin by Mg2+ at high pH through a shift 
in the N*B equilibrium towards the N conformation can 
be ruled out since Mg*+ favours the B conformation. There- 
fore it is most likely that the origin of the warfarin displacing 
effect of Mg *+ at high pH is due to a local conformational 
change in the warfarin binding region on the albumin 
molecule. On the other hand one expects that such a 
conformational change influences &,,, of the induced CD 
spectrum and this is actually not found. 

The warfarin displacing effect cannot be detected when 
the protein is in the N conformation. This could indicate 
that the affinity of albumin for Mg2+ is considerably lower 
when albumin is in the N conformation than when it is in 
the B conformation. A difference in the affinity of albumin 
in the two distinct conformational states for Mg2+ is in 
accordance with a calorimetric study [4] showing that the 
binding of Mg2’ to albumin increases with pH, unfor- 
tunately it is not possible to calculate a binding constant at 
different pH’s from this study. It cannot be excluded, 
however, that in the N conformation the binding sites 
for Mg2+ and warfarin are farther apart than in the B 
conformation and therefore, that the binding of Mg*+ does 
not interfere with the binding of warfarin when the protein 
is in the N conformation. 
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Fig. 3. Effect of Mg2+ on the slope of H of Ye’ vs ct,,,-’ 
plots as shown in the insert. Insert- plots of v-’ vs crr,,‘i-in 
100mM Cl-. /Albumin1 = 6 X lO_jM. PH adiusted with 
borate at pH = 9.0. In (he absence of Mg2+ (lj and in the 
presence of Mg*+ in concentrations of 4(2), 8(3), 12 (4) 
and 16 (5) mM respectively. Each point is the mean of 5 
determinations. The relative S.D, in cr,,, is 3%, resulting 
in a relative S.D. in H of 4%. Temperature 25°C. Under 
the experiment conditions the totai Mg:+ concentration 
[Mg*+] is approximately equal to the free Mg2+ con- 
centration. The intercept with the v-’ axis is not significantly 
different from 1, which is in accordance with eqn 3 of the 

appendix. 
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Earlier [l] we found that Ca2+ does not displace warfarin 
from albumin. regardless of whether the protein is in the 
N or in the B conformation. The difference between the 
effects of Mg” and Ca?+ on the warfarin-albumin inter- 
action is surprising because Mgz+ and Ca?+ should share 
their binding sites on the albumin molecule [3,4]. 

In summary: to elucidate the mechanism of the Mg’+ 
effect on the warfarin-albumin interaction the experiments 
had to be done under non-physiological conditions. It is not 
possible to establish competitive displacement in protein 
binding using only the double reciprocal plot v-i vs L-i. 
Mg2* displaces warfarin from the B conformation of albu- 
min by a local change in the warfarin binding region. At 
the physiological pH of 7.4 the effect of Mg*- on the 
binding of warfarin to albumin can be neglected because the 
displacement of warfarin from albumin in the B con- 
formation is compensated for by an effect of Mg*- on the 
NF~B equilibrium as can be reflected in a change in the 
Hill coefficient and the pHjo of the N-B transition. The 
Mg2+ effect on the binding of warfarin to albumin is sig- 
nificant only at pH > 8. 
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Scheme 1. 

provided that P exists in one conformational state in the 
absence of L and Z and that only one molecule of L and/or 
one molecule of I can be bound per molecule of P. The 
number of molecules L bound per molecule P ( v~) at given 
concentrations is given by the following equation 

[PL] + [PIL] 

uL = [P] + [PL] + [Pl] + [PIL] (1) 
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where Lf and Zf are free concentrations of L and I 
respectively. 

When vL is considered as a function of Lr, it is convenient 
to convert eqn 2 into eqn 3 to achieve a simple relationship 
between these parameters: 
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H= 
1 + K,. l, 

KL(l + Ki. I,) 

The figure obtained when H is plottedvs1, is indicative 
of the mechanism of the displacement. When I,--, 0, H 
approaches KF’, regardless of the values of Kt and Ki. 
When I,+ 0~) H approaches Kt/K,. Ki. For Kt > Ki the 
curve will have a positive slope, but for Kt < Ki it will have 
a negative slope. If Kt = Ki, then the line obtained will be 
horizontal. In an extreme case such as Ki = 0 a straight line 
with a positive slope is obtained. Ki = 0 means a com- 
petition between I and L for a single common binding site. 
In that case KL and K, can be calculated. 

Appendix 

When a l&and (L) is bound by a protein (P) in the 
presence of a binding inhibitor (0 the reactions presented 
in scheme 1 have to be considered, 
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After submitting the manuscript of this communication 
for publication a paper of U. Kragh-Hansen appeared 
in Biochem. Pharmac. 32, 2679 (1983), dealing with the 
analysis of competitive binding at comparable con- 
centrations of ligand, inhibitor and protein. On the contrary 
in our theoretical treatment of the effect of an inhibitor on 
ligand protein binding the inhibitor is present in excess and 
also other displacing mechanisms than the competitive one 
are taken into account. 


