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Abstract

Derivatization of the free cys34 in human albumin, which is reported to occur under physiological conditions, has
been performed in vitro by reaction of the protein with ethacrynic acid. This modification has been investigated by
mass spectrometry and circular dichroism. Ethacrynic acid has been proven to bind human albumin either covalently
and non-covalently. This post-translational modification does not determine significant changes in the secondary
structure of the protein, as shown by the comparable circular dichroism spectra of the native and the modified
proteins. Furthermore, the binding properties of the human albumin samples have been investigated by circular
dichroism and equilibrium dialysis. The affinity to the higher affinity binding sites does not change either for drugs
binding to site I, like phenylbutazone, or to site II, like diazepam, while a small but significant increase has been
observed for bilirubin, known to bind to site III. Nevertheless significant decreases of the affinity at the lower affinity
binding sites of the modified protein were observed for both drugs binding to site I or to site II. © 1998 Elsevier
Science B.V. All rights reserved.
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1. Introduction

The consensus is that, for most drugs, the por-
tion in plasma is the most biologically active.
Thus plasma protein binding influences both

pharmacokinetics and pharmacodinamics, the hu-
man albumin (HSA) being the most abundant
carrier in serum. This protein presents several
binding sites for the reversible binding of endoge-
nous and exogenous molecules [1–6]. In some
cases the ligands bind covalently to HSA and
these non-enzymatic post-translational modifica-
tion reactions have been demonstrated to occur in
physiological conditions [7,8]. Glycosylation by
glucose [9–15], acylation by aspirin [16–20] and
oxidation of cys34 [2,7,21–24] surely represent the
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more widely investigated modifications of HSA.
Among these, the binding of endogenous or ex-
ogenous compounds to the cys34, the sole free
cysteine residue on HSA, are much less well char-
acterised, despite intense interest over many years.
HSA is indeed heterogeneous including molecules
containing a free SH group in cys34 and compo-
nents where this SH group is oxidised or masked
by cysteine or glutathione. The amount of free
cys34 components is variable with age and in
various disease states such as chronic renal fail-
ure, and liver cirrhosis [25–27]. Recently, the
covalent binding of the anti-rheumatic drug bucil-
lamine to HSA has been investigated with the aim
of studying the mechanism of reaction of drugs
with the thiol moiety [28]. Further the binding of
ethacrynic acid (ETA), a drug used as a diuretic
and as a treatment for glaucoma, has been used to
selectively modify HSA when it is anchored to a
silica matrix [29]. ETA also binds HSA non-cova-
lently and at least two binding sites are involved
[30–32]. Both covalent [2,23,29] and non-covalent
[30–32] binding of ETA determine significant
changes of the binding properties of the protein.
However no structural evidence was obtained for
a modification at cys34. The interest in the non-en-
zymatic post-translational modification of HSA
resides also in the immunological consequences of
the covalent bindings [33,34]. Indeed the hapten
hypothesis of drug hypersensitivity has been pro-
posed also for thiol-containing drugs [35].

Here we report the structural characterisation
of the cys34 modified HSA obtained by reaction in
vitro of the protein with ETA (Scheme 1).

Recombinant human albumin (rHA) was used
for this study to ensure the homogeneity of the
samples that are essential for a reliable mass
spectrometry investigation. This methodology was
employed to determine the number of ETA
residues bound to HSA, either covalently or non-
covalently. Further the binding properties of the
cys34 modified albumin, as compared to those of
the native one, were investigated by circular
dichroism (CD) and equilibrium dialysis. Drugs
were chosen that selectively bind to specific bind-
ing areas, i.e. site I (warfarin-azapropazone bind-
ing site), site II (benzodiazepines binding site) and
site III (bilirubin binding site) [4]. Finally the

influence of the chemical modification on the sec-
ondary structure of the protein was investigated
by CD at high energy, where the electronic transi-
tions of the peptide bonds occur.

2. Materials and methods

2.1. Materials

HSA (fraction V, essentially fatty acid free),
was supplied by Sigma (St. Louis, MO) and used
without further purification. rHA, obtained by
expression of HSA gene in the yeast Saccha-
romyces cere6isiae, was supplied by Delta Biotech-
nology (Castle Court, Nottingham, UK) as
solution 25% (w/v) in 145 mmol l−1 sodium
chloride, 0.16 mmol sodium octanoate g−1 albu-
min and 15 mg l−1 Tween 80. rHA was defatted
before use by a slightly modified version of the
Chen procedure [36]. Aliquots of 2 ml rHA were
dialysed against a H2O/1-propanol (80/20) mix-
ture, with 1 g charcoal l−1, for 1 h. The pH of the
suspension was adjusted at pH 3 with HCl 0.1 N.
Subsequent washings were performed changing
the 1-propanol concentration from 20 to 1%. The
last three washings were performed with phos-

Scheme 1.
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phate buffer 10 mM at pH 4.6, 7.4, and 7.4,
respectively. Spectroscopic analysis (absorption
and CD) does not reveal significant differences
between serum and recombinant albumins.

HSA concentration was determined by measur-
ing the absorbance at 279 nm (o279=32180, ac-
cording to Elwell’s method) [37].

ETA {[2,3-dichloro-4-(2-methilene-1-oxobutyl)
phenoxy]acetic acid} and phenylbutazone (4-
butyl-1,2 - diphenyl - 3,5 - pyrazolidinedione) were
supplied by Sigma. Bilirubin was purchased from
Fluka Chemika (Buchs, Switzerland). Diazepam
(7-chloro-Nl-methyl-1,3-dihydro-5-phenyl-2H-1,4
benzodiazepin-2-one) was kindly provided by Pro-
fessor A. Lucacchini, Instituto Policattedra di
Discipline Biologiche, Facoltà di Farmacia, Uni-
versità di Pisa, Italy. All reagents were analytical
grade, and they were used without further purifi-
cation.

2.2. Modification of HSA by ETA

The modification of HSA was carried out fol-
lowing, with minor changes, a literature proce-
dure reported for the modification of bovine
serum albumin [38]. In practice HSA (or rHA)
was dissolved in potassium phosphate buffer 10
mM pH 7.4 and fivefold excess molar of ETA was
added. The solution was stirred at room tempera-
ture for 1 h, then dialysed against potassium
phosphate buffer 10 mM pH 7.4 for 20 h.

2.3. Instruments

Mass spectrometry measurements were carried
out on a Perkin-Elmer SCIEX API III triple
quadrupole mass spectrometer (Sciex, Thomhill,
Canada) equipped with an articulated ionspray
interface. The operative parameters were set as
follows: ionspray voltage, 5.5 kV; orifice voltage,
90 V; scan range, 1400–2200 u; scan speed, 8.42 s;
resolution\1 u. The spectra were acquired in
multichannel acquisition (MCA) mode summing
20 scans. Solutions at molar ratios rHA/ETA 1/1,
1/2 and 1/3 (previously prepared and dialysed)
were diluted in H2O/CH3CN/HCOOH 50/50/0.2
in order to obtain a concentration of 40–50 mM.
The resulting solution was analysed by continuous

infusion into the source by a Harvard model 22
syringe pump (Harvard Apparatus, South Natick,
MA) at 5 ml min−1 flow rate.

Electrophoretic experiments were performed
with isoelectrofocusing (IEF) method. The run-
ning gel was prepared as follows: 3.1 ml distilled
water, 0.65 ml bis-acrylamide 30%, 1 ml glycerol
25%, 0.2 ml ampholine with pH gradient 3–10;
the solution was degassed for 15 min, then 70 ml
ammonium persolfate and 5 ml tetramethylenedi-
amine were added. Runs were performed with a
Biorad Miniprotean II (Bio-Rad Laboratories,
Hercules, CA) at the following voltages: 100 V for
15 min, 200 V for 15 min and 450 V for 1 h.

CD and absorption spectra were recorded using
a Jasco J-600 spectropolarimeter (Jasco, Tokyo,
Japan) and a Varian Cary 4E spectrophotometer
(Varian, Sidney, Australia); both instruments
were interfaced to personal computers to acquire
and elaborate data. All measurements were car-
ried out at room temperature in quartz cells and
the spectra were recorded with the same instru-
mental parameters (sensitivity, scan rate, time
constant) to reduce errors. For experiments at
high energy (180–250 nm) rHA, HSA and HAS–
ETA solutions were 15 mM in phosphate buffer,
the cell path length was 102 mm.

The affinity constants were determined by CD
spectroscopy, measuring the induced CD spectra
for [marker]/[HSA] 1/1 complexes at different
concentrations. HSA concentration ranged from
10−3/10−4 to 10−6/10−7 M and cell path length
correspondingly varied from 0.01 to 10 cm to
maintain an optical density between 0.2 and 0.4.
All the samples were prepared from the same
stock solution in phosphate buffer pH 7.4 to
minimise errors. The concentration of each stock
solution was checked by UV absorption. Thus, in
practice, the value of the affinity constant, to-
gether with that of the Do for the protein/drug
complexes, can be obtained by simply measuring
the value of the induced CD signal upon the total
concentration of the protein [39]. The equilibrium
constant of the complex,

K= [HSA−drug]/[HSA][drug]= [LP]/[P][L] (1)

assumed with a 1:1 stoichiometry and the Lam-
bert and Beer law, applied to the circular
dichroism,
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CD=AL−AR= [LP] l Do (2)

can indeed be combined, according to the Benesi–
Hildebrand treatment [40], to give the following
linear equation:

p'CD
l

=
1
Do

'CD
l

+
1


KDo
(3)

where p= [P]+ [LP]= [L]+ [LP]; CD, measured
circular dichroism; l, cell pathlength; Do=oL−oR,
where oL and oR are the molar absorption coeffi-
cients for left and right circular polarised light,
respectively, at the absorption wavelength.

For equilibrium dialysis experiments, [marker]/
[HSA] complexes at different ratios (0.25/1, 0.50/
1, 0.75/1, 1/1, 1.25/1, 1.50/1, 1.75/1, 2/1, 2.50/1,
3/1 and 4/1) were prepared in phosphate buffer,
pH 7.4. HSA concentration was constant (90
mM), while the marker concentration varied ac-
cording to the required ratio. Aliquots of com-
plexes (l.2 ml) were dialysed for 72 h at 4°C
against 0.2 ml phosphate buffer inserted in a
cellophane dialysis tubing Spectrapore (Spectrum,
Medical Industries, Houston, TE). The free
marker concentration was determined by HPLC,
using a standard curve for each marker. HPLC
runs were performed on a Jasco 880-PU chro-
matograph (Jasco, Tokyo) equipped with a Jasco
875-UV spectrophotometer (Jasco, Tokyo, Japan)
and interfaced with a personal computer. Chro-
matographic conditions were:
� phenylbutazone: the column was a C8 Aqua-

pore RP-300 (7 mm, 100×4.6 mm) (Brownlee,
Applied Biosystems, Foster City, CA), mobile
phase CH3OH/ CH3COOH/ heptanesulfonic
acid l mg ml−1 60/40/0.1, flow l ml min−1,
detection 240 nm, 100 ml loop injection.

� diazepam: the column was a Ultropac Lichro-
sorb RP-18 (5 mm, 250×4 mm) (E. Merck,
Darmstadt, Germany), mobile phase CH3OH/
H2O 70/30, flow 0.5 ml min−1, detection 254
nm, 100 ml loop injection.
Binding constants were calculated by using the

Scatchard’s equation:

r= %
j

i=1

ni · Ki · [L ]
1+Ki · [L ]

(4)

where r is the average number of moles of ligand
bound per mole of HSA, ni and ki represent the
number of binding sites and the corresponding
association constant for the i-th binding class,
and [L] is the concentration of free ligand.

3. Results and discussion

rHA was used for this study because the hetero-
geneity of commercially available HSA makes
difficult its structural characterisation. In particu-
lar little differences in the molecular weight aris-
ing from the ETA binding could not be reliably
detected by mass spectrometry if the protein sam-
ple is not homogeneous.

3.1. Characterisation of the modified protein

Ionspray mass spectrometry results efficiently
give evidence of the binding of ETA to the
protein, to determine the nature of this binding as
well as the stoichiometry of the resulted com-
plexes. The results obtained with rHA are shown
in Fig. 1(a) and they are compared with those
related to the modified samples of the protein
obtained by incubation of rHA in phosphate
buffer solution at 37°C for 1 h with an equimolar
amount of ETA (Fig. 1b) or with a threefold
molar excess of the derivatizing agent (Fig. 1c).
The modified sample obtained using a 1/1 [ETA]/
[rHA] molar ratio in the derivatization reaction
shows a prevalent peak at 66734 Da, which has to
be assigned to the modified protein sample with a
single residue of ETA bound to rHA (Fig. 1b).
The sample obtained using a 3/1 [ETA]/[rHA]
molar ratio in the incubation experiment, shows
two molecular peaks, one corresponding to the
sample with an ethacrynic residue bound to rHA
(66734 Da) and the other corresponding to two
residues bound to the protein (67034 Da, Fig. 1c).
Defatted samples of the protein were used for
these experiments. The derivatizing procedure, i.e.
incubation of rHA with an equimolar amount or
with an excess of ETA, was carried out also using
a sample of the non-defatted protein. This protein
was used because fatty acids compete with the
noncovalent binding sites of the ETA. Thus the
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Fig. 1. Mass spectra of defatted samples of rHA in H2O/CH3CN/HCOOH 50/50/0.2. (a) Native protein (40 mm); (b) after incubation
with an equimolar amount of ethacrynic acid (50 mm); (c) after incubation with a threefold molar excess of ethacrynic acid (50 mm).
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Fig. 2. Mass spectra of modified rHA samples in H2O/CH3CN/HCOOH 50/50/0.2. (a) non-defatted rHA after incubation with an
equimolar amount of ethacrynic acid (45 mm); (b) non-defatted rHA after incubation with a threefold molar excess of ethacrynic acid
(50 mm); (c) defatted rHA after incubation with a threefold molar excess of ethacrynic acid and extensive dialysis (50 mm).
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Fig. 3. CD spectra of rHA (solid line), HSA (dotted line) and
cys34 modified albumin (dashed line). [rHA], 15 mM in phos-
phate buffer 20 mM, pH 7.4, cell 102 mm.

spectrum of the cys34 derivatized sample of rHA is,
in practice, superimposable to that of the native
sample (Fig. 3), this suggesting that no significant
change in the secondary structure of the protein
occurred after chemical derivatization of the
protein. This result is not surprising taking into
account that cys34 is located at the amino-end
portion of the protein.

3.1.1. Protein binding properties
The modified sample of rHA has been character-

ised for its binding properties as compared to those
of the native one. The interest arises from the fact
that serum protein binding influences both pharma-
cokinetics and pharmacodynamics. Thus it is essen-
tial to determine if and how the chemical
modification affects the affinity of endogenous or
exogenous compounds which bind to specific bind-
ing areas.

3.1.2. CD difference spectra
The measure of the CD difference spectra, which

are due to the induced CD signal of the ligand when
it binds to the protein, gives direct information on
the ligand/protein complex in terms of stoichiome-
try and stereoselectivity of binding. The observed
CD signal is indeed proportional to the amount of
bound ligand, and this property has been used to
determine drug–protein binding parameters ([42–
44]). Here the method is applied to determine the
binding properties of the modified protein, in terms
of affinity constant, with respect to the native one.

The quantitative analysis of the CD data is
relatively easy when the ligand is achiral and a
single site interaction on the protein is responsible
for the induced CD. The CD signal will then arise
from the complexed ligand and the result obtained
will reflect selectively the binding site producing the
induced CD signal [45]. Three markers were used:
phenylbutazone, diazepam and bilirubin, which are
known to bind at site I, site II and site III,
respectively. These ligands show induced CD sig-
nals at wavelengths where the contribution of the
protein is negligible or absent. The change of the
lowest energy CD induced band of the complexed
drug at different dilution of the [HSA]/[drug]
adduct in a 1/1 molar ratio, allows the dissociation
constant, related to the stereoselective binding site,

modification could be more selective for the cys34

residue under these experimental conditions. Both
samples of modified protein obtained by incubation
with equimolar amounts or threefold excess of
ETA, show a molecular peak corresponding to the
binding of one residue of ETA to rHA (Fig. 2a, b).
The same result was obtained when the modified
protein with two residues of ETA, previously
discussed (Fig. 1c), was extensively dialysed against
phosphate buffer (Fig. 2c). These results strongly
support the hypothesis that one residue of ETA
binds covalently to the protein as suggested by the
stability of the 1/1 adduct after extensive dialysis,
while the removal of the second residue suggests
that it binds non-covalently to rHA.

The cys34 derivatized protein sample was also
characterised by the IEF technique. The modified
protein has a lower isolectric point (4.690.1) with
respect to that of the starting protein (5.190.1).
This result is in agreement with the nature of the
derivatizing agent which adds the contribution of
the free carboxylic group as well as of two elec-
tronegative chlorine atoms at the phenyl moiety
(Scheme 1).

Furthermore the influence of the derivatization
on the secondary structure of the protein has been
investigated by CD. The analysis has been carried
out in the region where the electronic transitions of
the peptide bond occur (180–240 nm) [41]. The CD
spectra of rHA is typical for a protein with rela-
tively high a-helical content with a positive maxi-
mum at about 190 nm (Domax, 13.7) and two
negative bands centred at about 208 (Domax, −7.4)
and 222 nm (Domax, −6.8) (Fig. 3). The CD
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to be determined. The intensity of the induced CD
spectra indeed decreases by decreasing the con-
centration of the 1/1 [drug]/[protein] complex, de-
pending on its dissociation constant. The data
obtained in the complexation of phenylbutazone
and diazepam are reported in the Figs. 4 and 5,
respectively.

The values of Domax of the complex and of its
dissociation constant can be obtained by applying
Eq. (3) (see experimental section) and plotting
[HSA]/(CD/l)1/2 against (CD/l)1/2 (Fig. 4b, Fig.
5b). The analysis of the CD data has been per-
formed looking at the value of the CD band at

Fig. 5. (a) CD difference spectra of [diazepam]/[HSA] 1/1
complexes in phosphate buffer 20 mM, pH 7.4. (1) [HSA]=
1×10−3 M, 0.01 cm cell; (2) [HSA]=2×10−4 M, 0.05 cm
cell; (3) [HSA]=1×10−4 M, 0.1 cm cell; (4) [HSA]=5×
10−5 M, 0.2 cm cell; (5) [HSA]=1×10−5 M, 1 cm cell; (6)
[HSA]=2×10−6 M, 5 cm cell; (7) [HSA]=1×10−6 M, 10
cm cell. (b) Linear fitting for 1/1 [diazepam]/[HSA] complexes,
315 nm.

Fig. 4. (a) CD difference spectra of [phenylbutazone]/[HSA]
1/1 complexes in phosphate buffer 20 mM, pH 7.4. (1)
[HSA]=8×10−4 M, 0.01 cm cell; (2) [HSA]=1.6×10−4 M,
0.05 cm cell; (3) [HSA]=8×10−5 M, 0.1 cm cell; (4)
[HSA]=4×10−5 M, 0.2 cm cell; (5) [HSA]=1.6×10−5 M,
0.5 cm cell; (6) [HSA]=8×10−6 M, 1 cm cell; (7) [HSA]=
1.6×10−6 M, 5 cm cell; (8) [HSA]=8×10−7 M, 10 cm cell.
(b) Linear fitting for 1/1 [phenylbutazone]/[HSA] complexes,
285 nm.

lower energy in order to have minimum or no
interference by the contribution to the CD arising
from the protein. Thus the band at 285 nm has
been selected in the case of phenylbutazone, the
band at 315 nm in the case of diazepam and the
band at 420 nm in the case of bilirubin. The
obtained values of the affinity constants are re-
ported in the Table 1 and compared with those of
the native protein. The results suggest that the
chemical modification does not significantly affect
the affinity to the high affinity binding sites for
phenylbutazone and diazepam while a moderate
but significant increase has been observed in the
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Table 1
Affinity constants determined by circular dichroism and equilibrium dialysis

Native rHA Modified rHA

CD CD DialysisDialysis

K1=6 (90.3)×105 K1=6.2 (90.4)×105DZP K1=6.3 (90.2)×105 K1=6 (90.2)×105

K2=2 (90.4)×104-------------K2=5.3 (90.2)×104-------------
K1=4.8 (90.3)×105 K1=4.5 (90.2)×105PBU K1=4.6 (90.2)×105 K1=4.4 (90.3)×105

------------- K2=4.5 (90.4)×104------------- K2=8 (90.3)×104

------------- K1=2.8 (90.1)×106BIL K1=1.8 (90.3)×106 -------------

DZP, diazepam; PBU, phenylbutazone; BIL, bilirubin.

case of the high affinity binding site of bilirubin
(Table 1).

The applied difference CD method allows a
definite characterisation of the stereospecific bind-
ing that induces a preferential enantiomeric con-
formation in the achiral ligand. Compared to
other widely used methods, it allows the study of
a stereospecific binding site, disregarding sec-
ondary or non-stereospecific binding on HSA.
These results, however, do not exclude changes in
the binding properties to low affinity binding sites
of the modified protein. Indeed lower affinity has
been proved for drugs binding to site I or to site
II by affinity chromatography. Significant de-
crease of the retention time, which reflects the
affinity binding, was observed in the analysis of
drugs on a human albumin based HPLC column
before and after the chemical derivatization of
cys34 by in situ reaction with ETA [29]. Thus
equilibrium dialysis experiments were carried out
in order to confirm these data.

3.1.3. Equilibrium dialysis
The equilibrium dialysis experiments allowed

the determination of the binding properties of
phenylbutazone and diazepam to the native and
to the cys34-modified samples of human albumin.
The Scatchard equation for two sites was applied
and the affinity constant values for the two drugs
were determined for both the high and low
affinity binding sites. Bilirubin was not used for
this investigation because the instability of this
compound in solution does not allow reliable
dialysis experiments to be carried out. Almost the
same values of the affinity constants, for the

native and the derivatized protein samples, were
obtained in the case of the high affinity binding
sites of phenylbutazone and diazepam. These val-
ues were in agreement with those determined by
the difference CD method (Table 1). On the con-
trary, significant differences were obtained for
affinity constant values at the lower affinity bind-
ing sites of the two protein samples. A decrease of
about 60 and 40% was observed, after derivatiza-
tion, for the affinity binding constant of
phenylbutazone and diazepam to the low affinity
binding site (Table 1).

4. Conclusions

Samples of cys34 modified human albumin have
been obtained by reaction of the protein with
ETA. The derivatized protein samples were char-
acterised for their structure by mass spectrometry
and CD. These methodologies appear well suited
to the determination of structural changes in
HSA, as the derivatization of the cys34 residue. In
particular an ETA residue covalently bound to
the human albumin was observed, while one or
two additional molecules of the drug were non
covalently bound. The cys34 derivatized protein
maintains the secondary structure of the native
albumin as suggested by the superimposition of
their CD spectra.

Further the affinity constants of phenylbuta-
zone, diazepam and bilirubin, at least for the high
affinity binding sites, remained unchanged for the
modified protein with respect to the native one.
On the contrary, a significant reduction in the
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affinity constants of phenylbutazone and di-
azepam for the low affinity binding sites in the
case of the derivatized albumin was observed.

Thus significant changes in the binding proper-
ties of HSA can occur when the protein is highly
derivatized at cys34. The possibility of having a
greater insight into the characterisation of drugs
or metabolites when they are covalently bound to
HSA is of general interest, taking into account
that the ligand–protein conjugated could be often
the cause of adverse hypersensitivity reactions ob-
served for many drugs.
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