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Abstract—A comparative study of the N~B transition and the drug binding properties of human serum
albumin samples from various sources has been carried out with the help of circular dichroism and
equilibrium dialysis. It was found that when warfarin was used as a marker the midpoint pH and the
cooperative nature of the N-B transition that occurs in the albumin around physiological pH varied
with the albumin sample. The midpoint pH was found to be related to the cooperative nature of the
albumin samples. A similar relationship has been found for allosteric proteins. However, when diazepam
was used as a marker molecule for the N-B transition, variations in the midpoint pH and cooperative
nature of the N-B transition disappeared. This is attributed to the strong allosteric effect of diazepam
on binding. The affinity of warfarin for albumin depends strongly on the sample, but this is not the case
with diazepam. The cooperative binding properties found for the albumin samples are compared with
those found for the albumin in serum. After a discussion it is concluded that the cooperative binding
properties of a particular albumin sample should be taken into account when that sample is used in
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binding studies.

Albumin is one of the most extensively studied pro-
teins. Nevertheless, it is only recently that the com-
plete amino acid sequence of human serum albumin
has been elucidated [1, 2]. Neither its physiological
function nor its physico-chemical properties are
properly understood. One of the physico-chemical
properties of human and bovine serum albumin, the
so-called N-B transition, is the subject of an increas-
ing number of investigations [3-14]. This confor-
mational change occurs in the protein around physio-
logical pH. Physiologically important ions such as
Ca®* and CI” make the equilibrium between the N
and B forms very sensitive to small changes in the
pH [10, 11]. Most drugs have one or two high affinity
sites and several sites of relatively low affinity on the

albumint molecule. The high affinity binding sites .

of most drugs can be divided into at least two binding
sites, the so-called warfarin site, or site I, and the
diazepam site, or site II [15-19]. Recently a third
and a fourth binding site have been found [19, 20]
but most drugs bind to the warfarin or the diazepam
binding site [19]. Both sites are sensitive to the
N-B transition {11, 12] and, therefore, the binding
of many drugs to albumin will be pH dependent.
Since the N-B transition also occurs in albumin in
serum [21], and since free blood levels of drugs and

* Author to whom all correspondence should be
addressed.

t In the rest of the text albumin means human serum
albumin, unless otherwise stated.
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other substances therefore depend on the pH of the
blood and the presence of physiologically important
substances in the blood, the N~B transition will have
a physiological function.

Results of studies in vivo and in serum on the
properties of the N-B transition are rather complex
to interpret and it is, therefore, easier to carry out
such investigations in solutions of pure albumin.
Preliminary experiments [12], however, showed that
the affinity of warfarin for albumin differs consider-
ably from one sample to another, especially when
the albumin is in the N conformation. In view of
this, the choice of the albumin sample to be used for
research purposes will be very important, especially
when results of such studies are to be extrapolated
to serum or in vivo. Therefore, we started a study
on the properties of the N~B transition in several
albumin samples and examined the consequences of
the binding of drugs to albumin. Warfarin and diaze-
pam, being the best known representatives of the
two major binding sites of albumin, were the drugs
chosen for the binding studies. The results are pre-
sented in this paper.

MATERIALS AND METHODS

The origin and lot numbers of the albumin samples
used in this study are summarized in Table 1. We
also isolated albumin from human plasma ourselves
using a modified version of the method of Hao
[22,23]. The albumin was deionized before use and

3781



3782

its concentration determined as described elsewhere
[11]. In all experiments the albumin concentration
was 6.0 X 107° M,

Sodium warfarin (Brocacef, Maarssen, The Neth-
erlands) and diazepam (gift from Hoffman-La
Roche, Mijdrecht, The Netherlands) were used with-
out further purification. All other chemicals were of
analytical grade (Merck, Darmstadt, West Germany
or I. T. Baker, Deventer, The Netherlands).

The binding of warfarin and diazepam was studied
by means of equilibrium dialysis. The equilibrium
dialysis experiments and the determination of the
free concentration of warfarin and diazepam were
carried out as described previously {11, 12]. For these
experiments low drug-to-protein ratios of about 0.2
and 2 X 1073 were chosen for warfarin and diazepam,
respectively. Since warfarin and diazepam have only
one high affinity binding site on the albumin, the
high affinity binding constant of warfarin and diaze-
pam to albumin can easily be calculated from one
low drug-to-protein ratio [11]. In the dialysis experi-
ments the protein-free compartment contained a
phosphate or borate buffer (I = 0.1). The free con-
centration of warfarin was measured at two pH
values: 6.1 and 8.8.

Circular dichroism (CD) experiments were per-
formed as described previously [10, 11]. The CD
signal of warfarin-albumin complexes with a
drug to-protein ratio of 0.4 was measured in the pH
range 5.5-9.5 at 310 nm in buffer (/= 0.1) and in
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0.1 M NaCl. In the former case we used phosphate
buffers (I = 0.1) below pH 8 and borate buffers
( = 0.1) above pH 8. In the experiments with 0.1 M
NaCl the pH was adjusted with 0.1 N NaOH. The
CD signal of the diazepam-albumin complexes with
a drug-to-protein ratio of 2 X 162 was measured at
330 nm under conditions similar to those where war-
farin was used as marker. The N--B transition, which
is made visible when the observed molar ellipticity
of the drug-albumin complex is plotted vs pH, is
characterized by the pHs and the Hill coefficient
(HC). The midpoint pH of the pH dependence of
the molar ellipticity, where it is assumed that half
of the albumin is in the B form, stands for the pHs,
whereas the HC is the slope of the log [f/(1-f)] vs
pH curve at pHso, where f is the fraction of albumin
in the B conformation {10].

RESULTS

The pHso and the Hill coefficient of the N-B tran-
sition of the various albumin samples are measured
in buffer and 0.1 M chloride (pH3™r, HC™® and
pHshorde, HCeMeride | regpectively). In columns 4 and
5 of Table 1 pHE™ and HC"™ of the various
warfarin~albumin complexes are summarized. As
can be seen from this table, the pH3™ is not the
same for each sample. The N-B transition of the
samples 01, 02, 03, 04, 11, 71 and 72 is characterized
by a pH™ = 7.4, whereas the pHS™" of the N-B

Table 1. The characteristics of the N-B transition of various albumin samples when warfarin is used as a marker, and
the affinity of warfarin for albumin in the N and B conformations*

Lot K¥ x107° K¥ x 1073
Origin of the albumin sample number Code pH¥fr HCbofer pHgforide HCobloride  (M-1) M™)
Sigma Chemical Company,

St. Louis, MO, U.S.A.;

crystallized and lyophilized 39C-8085 01 7.4 0.9 7.3 1.3 5.5
idem 76C-8145 02 7.4 0.9 7.3 1.3 5.6
idem 65C-8320 03 7.4 0.9 7.3 1.3 5.7
idem 126C-8070 04 7.4 0.9 73 1.3 5.9
idem 18C-0518 05 7.8 1.1 2.4
idem 18C-0519 07 7.9 1.1 7.7 1.4 2.7 14.1
Sigma Chemical Company,

St. Louis, MO, U.S.A.;

fraction V 47C-04422 11 7.4 0.8 7.3 1.2 6.0
idem 49C-04851 13 8.2 1.3 2.0 133
Kabivitrum A.B., Stockholm,

Sweden; highly purified 78862 21 8.6 1.8 2.0 13.2
idem 58801 22 7.5 0.9 33 221
Kabivitrum A.B., Stockholm,

Sweden; infusion solution 77775 31 7.4 1.0 2.5 14.8
Preparation isolated by us 160181 41 7.5 15
idem 230181 42 7.6 1.4 2.8 15.0
Biotest-Serum-Institut GmbH,

Frankfurt am Main, West

Germany; infusion solution 307100 7 7.4 0.8 7.3 1.2 6.0 30.0
idem 310071 72 7.4 0.8 7.3 1.0 1.7 7.4
idem, without the addition of

stabilizers 73 7.9 1.3 7.6 1.0 2.7 159

* pH2®r stands for pHss in phosphate or borate buffer,
p phosp

and pH#** stands for pHs in 0.1 M NaCl. HC™f and

HCe"eride stand for the Hill coefficient in phosphate or borate buffer and 0.1 M NaCl, respectively. K¥ and KY are the
affinity constants of warfarin for albumin in the N and B conformations, respectively. The error in K¥ and K was 5%.

The accuracy is within about 0.05 for pHg and 0.1 for HC.
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transition of the other samples has a higher value.
This means that at pH 7.4 the fraction of the albumin
in the N conformation is 50% for samples 01, 02,
03, 04, 11, 71 and 72, whereas in the other samples
the fraction in the N form is more than 50%. For
instance about 75% of albumin 05 is in the N con-
formation at pH 7.4 and more than 90% of albumin
13. The samples with apH$™ = 7.4 have an HC™%*
of 0.8 or 0.9. The other samples have a somewhat
larger HCfer,

The pHse™ and HCM% of the various
warfarin-albumin complexes are summarized in col-
umns 6 and 7 of Table 1. It can be seen that for most
samples pHE"% is somewhat lower than pHE™",
whereas HC" jg Jarger than HC™r. All samples
with an N-B transition, characterized by pH%™" =
7.4 and HCPfer = (0.8-0.9, except sample 72, have
an N-B transition that is characterized by
pHgerde = 7.3 and HC™Moride = 1.2-1.3.

Since warfarin binds only to the warfarin site on
the albumin, it might be interesting to study the
N-B transition of the various diazepam-albumin
complexes, because diazepam binds specifically to
the diazepam site. In Table 2 the pHs and HC of
the N-B transition of the diazepam-albumin com-
plexes in buffer and in 0.1 M chloride are summar-
ized. It can be seen from this table that neither
lesabxffer and chuffcr nor pHggloride and Hcchlon'de are
significantly different for the diazepam-albumin
complexes, although there is a large variation in the
pHso and HC of the albumin samples with warfarin.

DISCUSSION

Janssen et al. [14] have shown that albumin can
be regarded as an allosteric protein, if protons are
considered as the ligand. This means that the fraction
of the albumin in the N or in the B conformation is
pH dependent. In the light of the two-state model
of Monod et al. [24], i.e. the MWC model, the
fraction of albumin in the N or in the B conformation
as a function of the pH can be described by the
following set of parameters: L, the allosteric constant
of the N 22 B equilibrium, K§, the dissociation con-
stant, which describes the affinity of a proton for the
N conformation, n, the number of proton binding
sites and c, the ratio K{/KH, in which K represents
the dissociation constant, which describes the affinity
of a proton for the B conformation. Allosteric effec-
tor molecules affect the N @ B equilibrium on bind-
ing to albumin, as is expressed in a change in the
value of pHs, or HC. For instance, binding of diaze-
pam to albumin results in a decrease in the pHs and
an increase in the HC [12]. A change in L will cause
achange in the median of ligand (i.e. proton) binding
(pH,.). This follows from [25]

(1

In our experiment, however, we measured pHso
instead of pH,.. Similarly a change in L will cause
a change in pHs, so changes in pHs, can be inter-
preted as changes in L.

The MWC model has been extensively tested on
haemoglobin, where oxygen acts as the ligand. Many
mutant haemoglobins are known which have a half

pH.. = pK¥ - %log L.
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Fig. 1. The Hill coefficient (HC) of the various albumin

samples as a function of pHs in phosphate and borate

buffer (@) and in 0.1 M chloride (O). The numbers in the

figure correspond to the codes of the various albumin
samples mentioned in Table 1.

saturation point with respect to oxygen binding and
an HC which differ from normal haemoglobin (26].
The HC as a function of log L for a wide series of
mutant and modified haemoglobins can be described
by bell-shaped curves [26], as predicted by the MWC
model (27]. From model calculations we found that
curves which represent the HC as a function of the
pHso are also bell-shaped. In Fig. 1, therefore, we
plotted the HC of the albumin samples vs the pHso.
The closed circles in Fig. 1 show the relation between
pHso and HC of the N-B transition in buffer. As can
be seen, the HC™® increases with the pHsp. The
curve obtained by joining the closed circles seems
similar to one section of a bell-shaped curve. It
should be noted that a decrease in L causes an
increase in pHs. Therefore, the curve in Fig. 1
resembles the part of one of the bell-shaped curves
described by Rubin and Changeux [27], where the
slope of the HC vs log L curve has a negative value.
This means that the differences in the pHgs and HC
of the N--B transition of the various albumin samples
are due to the fact that the L values of the various
samples are different, if it is assumed that # and ¢
are the same for the albumin preparations. The
question that now arises is why the L values are
different for the various albumin samples. In prin-
ciple there are two possible reasons. First the L value
may be changed by the presence of allosteric effec-
tors (different in nature and/or quantity). If this is
the case it can be said that samples 05, 07, 13, 21
and 73 have bound allosteric effectors, which
decrease L. Secondly, the albumin samples may
differ intrinsically from each other; this may also
induce different L values for the various preparations
(see later). It is obvious, however, that intrinsic
differences in the albumin samples can lead either
to a change in L or to different n and/or ¢ values.
According to the MWC model a change in n or ¢
will also change the pHsp and the HC. Consequently
it is clear that the differences in the HC and pHjy, of
the various albumin samples may be due to differ-
encesin L, n, c or acombination of these parameters.
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However, since the closed circles in Fig. 1 tend
towards a bell-shaped curve, the most simple expla-
nation is a change in L.

If the MWC model gives a reasonable explanation
for the difference in the HC and the pHso of the
N-B transition in the albumin samples in buffer,
then one should also find such a relationshipin 0.1 M
chloride. From Fig. 1 it is seen that a similar rela-
tionship was indeed found in 0.1 M chloride. The
difference between the two curves in Fig. 1 is that
the experimentally measured points in 0.1 M chlor-
ide, except for sample 73, show a shift to larger HC
values and a somewhat smaller pHs. In analogy with
the model calculation of Rubin and Changeux [27]
we found that an increase in the HC may be due to
a decrease in the ¢ value. Particularly in the part of
the bell-shaped curve where the slope of the
HCvslog L curve is negative, a small decrease in
¢ results in a large increase in the HC. Because of
the definition of ¢, a decrease in ¢ can only be
explained by an increase in pK¥ or a decrease in
pKH. Since Beek er al. [28] found that the pK of
some amino acid residues of the haemoglobin mol-
ecule increased when chloride was bound, the
decrease in ¢ is likely caused by an increase in
pKH. It is not known why sample 73 acts differently
from the other samples in 0.1 M chloride.

To find further support for our statement that the
observed differences in the N-B transition of the
various albumin samples can be explained in terms
of the MWC model, we use diazepam instead of
warfarin as a label for the N-B transition. Itis known
that diazepam strongly affects the N-B transition as
expressed by the pHsy and HC [12]. If we are correct
in conducting that the observed differences in HC
and pHs of the N-B transition of the albumin
samples are due to changes in the allosteric constant
L, we can expect a strong effector such as diazepam
to overrule these differences. From Table 2 it is seen
that this was indeed the case when diazepam was
bound to albumin. The albumin samples with the
most marked differences in pHs and HC, when
warfarin was used as a label, did give nearly the
same pHso and HC when diazepam was bound, both
in buffer and in 0.1 M chloride.

It should be noticed that the results found for the
warfarin-albumin and diazepam-albumin complexes
are probably not representative for the two binding
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sites of albumin. It is very likely that if a strong
allosteric effector, which binds to the warfarin site,
were used in the experiments instead of warfarin,
the variations in pHs, and HC would be smoothed
out too.

Comparison of the HC and p Hs, of the N~B transition
of the various albumin samples with those obtained
in serum

It might be interesting to compare the results
obtained with pure albumin samples with the result
of studies on the behaviour of albumin in its natural
surroundings: serum. Since in this study the N-B
transition of the albumin samples is characterized by
the HC and the pHs, these values of the neutral to
base transition of the various samples will be com-
pared with the HC and pHs, of the N-B transition
of albumin in serum. The pHs and HC of the N-B
transition of albumin in serum were measured by
Giesen and Wilting [21]. They found that the N-B
transition of albumin in serum can be described by
pHso = 7.3 and HC = 1.6. The pHs, of 7.3 in serum
is the same as the pHZ™ value of most albumin
samples from Table 1. The HC of 1.6 in serum,
however, is not the same as the HCorde of 1.3,
which was found for most albumin samples, which
had a pHg*" of 7.3. Giesen and Wilting {21], how-
ever, showed that Ca?* and Mg?* ions, in physio-
logical concentrations, increase the HC value by
about .2. Consequently it is to be expected that the
N-B transition of samples 01, 02, 03, 04, 11 and 71
will be similar to that of albumin in serum, with
respect of pHso and HC, whereas the N-B transition
of samples 05, 07, 31, 41, 42 and 73 will not.

As we stated above, these differences are probably
due to allosteric effectors bound to the albumin, or
to intrinsic structural differences in the albumin
samples. Several endogenous substances can act like
allosteric effectors [30,31]. The best known
endogenous allosteric effectors are the non-esterified
fatty acids and the demolition products of bilirubin.
These substances do have a very large affinity for
albumin, as a result of which they are very difficult
to remove from albumin [29, 31--33]. Since we could
not find a direct relation between the fatty acid
content of the albumin samples and the pHs or the
HC of the N-B transition we think that the fatty
acids alone cannot explain the differences found for

Table 2. The characteristics of the N--B transition of some albumin samples when diazepam is
used as marker, and the affinity of diazepam for albumin in the N and B conformations*

Albumin KR x 1073 KB x 1073
Sample legsffcr chuffcr pHg loride Hcchloridc (M—l) (M—l)
04 6.8 18 1.4
07 6.9 1.9 6.0 2.8 1.5 2.3
71 6.9 1.9 6.0 2.7 1.4 22
72 6.8 2.0 1.3 2.4

* The numbers of the albumin samples refer to the codes mentioned in Table 1. pH%® stands
for pHs in phosphate or borate buffer, while pHg*" denotes pHso in 0.1 M NaCl. HC™®" and
HCehoride represent the Hill coefficient in phosphate or borate buffer and 0.1 M NaCl, respectively.
KR and KB stand for the affinity constants of diazepam for albumin in the N and B conformations,
respectively. The error in KR and KB was less that 5%. The accuracy is within about 0.05 for pHso

and 0.1 for HC.
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the various warfarin-albumin complexes. The pres-
ence of endogenous effectors {(among which the fatty
acids), which are probably bound to some of the
albumin samples, is therefore a reasonable expia-
nation for the differences in the pHs and HC of the
N-B transition of the various albumin samples. Very
little is known about structural changes in the albu-
min molecule which can affect L. Mutant modifi-
cations of albumin have been discovered [34, 35],
but we are unlikely to be dealing with these kinds
of albumin, because the albumin samples, commer-
cially available, have all been isolated from plasma
pooled from many blood donors. Recently it was
found that the amount of titratable histidines and
carboxyl groups can vary from albumin sample to
albumin sample [36]. The probable reason for this
is that adventitious alterations in the albumin can
arise as a result of the preparative procedures
employed [37,38]. It is not known whether these
alterations affect L.

Consequences for the binding properties of the albu-
min samples to drugs, i.e. warfarin and diazepam

To find out whether the albumin samples whose
pHso and HC differ from albumin in serum also differ
in their drug binding to albumin in serum, free con-
centrations of warfarin and diazepam in pure albu-
min solutions at a constant drug-to-protein ratio were
measured at two extreme pH values. In Table 1 the
affinity constants (K¥ and K¥') of warfarin for the N
and B conformations, respectively, are summarized.
The K¥andK¥Y in serum are 3.2x10° and
5.7 x 10° M}, respectively. When the chloride effect
is taken into account according to Wilting et al. [13]
the values become 5.0x 10° and 8.9 X 10°M™!,
respectively. The albumin samples whose pHse and
HC differ from those of albumin in serum all have
lower KY¥ values than were found in serum. Lima
and Salzer (39) found that some albumin prep-
arations were contaminated with as-acid glycopro-
teins, as a result of which ligands, especially diiso-
propamid, showed a variation in their free
concentrations. In this study, contamination of the
albumin samples with a-acid glycoproteins cannot
be the reason for the lower KY values of some
albumin samples, because in serum warfarin binds
exclusively to albumin [40]. Of the samples which
have an N-B transition that is comparable to that
of albumin in serum with respect to pHso and HC,
all, except samples 22 and 72, vield comparable
values for KY . How are we to explain the fact that
some albumin preparations have lower K¥ values
than albumin in serum? Possible explanations are
that when we are dealing with allosteric effectors,
these substances may displace warfarin from its high
affinity binding site or that when we are dealing with
intrinsically different albumin samples, these intrin-
sic differences may alter the binding of warfarin to
albumin. The K¥ of all the albumin preparations is
larger than the K¥ of albumin in serum, if chloride
is taken into account. So far we have no explanation
for this.

In Table 2 the affinity constants (KR and KB) of
diazepam for the N and B conformations, respec-
tively, are summarized. As can be seen
KX as well as K§ are roughly the same for the various
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samples, although there were large variations in
K¥ and KY of these samples. This means that the
endogenous allosteric effectors or the intrinsic dif-
ferences in the preparations do not affect the binding
of diazepam to albumin. This means that the
endogenous effectors do not have a displacing effect
on site II or it means that the variations in L caused
by intrinsic differences in the albumin samples are
smoothed out by diazepam.

Insummary, all albumin samples investigated were
found to show the N--B transition around the physio-
logical pH; however, there was a large variation in
the HC and pHy values. One of the important func-
tions of albumin in vivo is to transport fatty acids
and many other endogenous and exogenous sub-
stances which are hardly soluble in water. Most drugs
at a therapeutic blood level are more or less tightly
bound at the warfarin or at the diazepam binding
site. The albumin molecule should therefore be able
to adapt the local geometric structural properties of
these sites easily in order to make it possible for
molecules with completely different structural
properties to bind to these sites. In terms of the
function of the albumin molecule as an allosteric
protein this could mean that the HC value of the
N-B transition is very sensitive to the composition
of the albumin solvent and to the nature of the ligand
bound. Therefore the albumin molecule may be said
to be a ‘breathing’ molecule. The ‘breathing’ can be
said to “cease’ when the HC value is almost insen-
sitive to the binding of allosteric effectors. Therefore,
one should always take the properties of a particular
albumin sample into account especially those dis-
cussed in this paper. If the allosteric properties of
the albumin molecule are to be studied both fun-
damentally and with respect to the physiological
function of albumin, one needs an albumin sample
in which the HC value of the N-B transition is very
sensitive to any alterations in the albumin surround-
ings. Therefore, a low HC in phosphate and borate
buffers is preferable to a high HC, if weak allosteric
effectors are used for the N-B transition. In any
case, studies of this kind have to be carried out with
the same batch of albumin, so that it is possible to
compare the results. When the resuits of albumin
binding studies are to be extrapolated to the binding
of drugs to albumin in serum, the HC and pHs,
values of the albumin sample should be as close as
possible to the HC and pHs values of the N-B
transition of albumin in serum. The binding proper-
ties of the albumin samples should also be taken into
account.
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