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Review Article

An Overview of Drug Binding to Human Serum

Albumin: Protein Folding and Unfolding

H.A. Tajmir-Riahi!

Human Serum Albumin (HSA) is a principal extracellular protein with a high concentration in
blood plasma and a carrier of many drugs to different molecular targets. Drug binding to HSA
can alter the protein biophysical and biochemical properties of protein. The structural analysis
of human serum albumin complexes, with naturally occurring flavonoids quercetin (antioxidant),
kaempferol (antioxidant), delphinidin (antioxidant), AZT (3'-azido-3'-deoxythymidine) (anti-
AIDS), aspirin (anti-inflammatory), taxol (anticancer), cisplatin (anticancer), atrazine (her-
bicide), 2,4-D (herbicide), polyamines (biogenic), chlorophyll (antimutagenic), chlorophyllin
(antitumor), poly(ethylene glycol) (polymer), vandyl cation and vanadate anion in aqueous
solution are reported. Using capillary electrophoresis, FTIR (Fourier transform infrared), UV-
Visible and CD (Circular dichroism) spectroscopic methods, the drug binding mode, the binding
constant and the effects of drug complexation on protein secondary structure are determined.
The concentrations of HSA used were 0.6 to 0.3 mM, while different drug concentrations were
1 uM to 1 mM. Structural analysis showed drugs are mostly located along the polypeptide chains,
with both specific and non-specific interactions. The stability of drug-HSA complexes were in
the order: K{§ = 1.2 x 105M~! > Kazr = 1.9 x 10°M ™ > Kyo = 4.7 x 10°M~! > Kpeg
4.1 X 10°M™ > Kiae = 2.6 Xx 10°M ™1 > Kque = 1.4 X 10°M ™1 > Katrazine = 3.5 x 10*M 1
I{chlorophyll =29 x 10°M~ ! > IX’QA,D = 25 x 10*M~! > I{spermine = 1.7 x 10*M~!
Kiaxol = 1.43 x 10*M ™1 > Kogpirin = 1.04 X 10*M™! > Kpiorophyliin = 7.0 X 103M ™1 > K,
6.0 x 103M~1 > I(spermidine = 54 x 10°M~1 > I(putrescine =39 x 10°M~! > I(cisplatin =
1.2x102M~t. At low drug concentration (1 M), protein conformation was not altered (infrared
and CD results), while, at high drug content (1 mM), a major reduction of a-helix from 60-
55% (free HSA) to 49-40% and an increase of S-structure from 22-15% (free HSA) to 33-23%
in the drug-protein complexes occurred. These observations indicated that low drug content
induced protein stabilization (folding), whereas, at high drug concentration, a partial protein

Vv v

destabilization (unfolding) occurred in these drug-HSA complexes.

INTRODUCTION

Human serum albumin (Structure 1) with several high
affinity binding sites is the major target for many
organic and inorganic molecules. HSA is a principal
extracellular protein with a high concentration in blood
plasma (40 mg/ml or 0.6 mM) [1-3]. It is a globular
protein composed of three structurally similar domains
(I, IT and III), each containing two subdomains (A
and B) and stabilized by 17 disulphide bridges [1-
6]. Aromatic and heterocyclic ligands were found to
bind within two hydrophobic pockets in subdomains
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ITA and IITA, namely site I and site II [1-7]. Seven
binding sites are localized for fatty acids in subdomains
IB, IITA, TIIB and on the subdomain interfaces [7].
HSA also has a high affinity metal binding site at the
N-terminus [2]. The multiple binding sites underlie
the exceptional ability of HSA to interact with many
organic and inorganic molecules and, thus, make this
protein an important regulator of intercellular fluxes, as
well as the pharmacokinetic behavior of many drugs [1-
9.

In this report, the results of several studies on
the interaction of human serum albumin with differ-
ent drugs, such as quercetin, kaempferol, delphini-
din, AZT, aspirin, taxol, cisplatin, atrazine, 2,4-D,
polyamines, chlorophyll, chlorophyllin, poly(ethylene
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Structure 1. Structure of Human Serum Albomin
(HSA).

glycol), vanadyl cation and vanadate anion are dis-
cussed. The data from FTIR, CD, UV-Visible spectro-
scopic methods and capillary electrophoresis, regarding
drug binding sites, stability and protein secondary
structural changes in an aqueous solution, are reported
here.

MATERIALS AND METHODS
Stock Solutions

Human serum albumin was dissolved in an aqueous
solution (40 mg/ml or 0.6 mM and 20 mg/ml or 0.3
mM) containing phosphate buffer 0.1 M and 0.05 M
NaCl (pH 7.2). The different ligand solutions, 1 uM to
1 mM, were prepared in doubly distilled water.

FTIR Spectroscopic Measurements

Infrared spectra were recorded on a Perkin Elmer
Spectrum 2000 FTIR spectrometer equipped with a
nitrogen cooled HgCdTe detector and a KBr beam
splitter. IR spectra were recorded on hydrated film,
using AgBr windows with a resolution of 2-4 cm~! and
100-500 scans.

CD Spectroscopy

Spectra were recorded with a Jasco J-720 spectropo-
larimeter. For measurements in the Far-UV region
(195-280 nm), a quartz cell with a path length of 0.1 cm
was used. Five scans were accumulated at a scan speed
of 50 nm per minute, with data being collected at every
nm from 195 to 280 nm. A sample temperature was
maintained at 25°C using a Neslab RTE-111 circulating
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water bath connected to the water-jacketed quartz
cuvettes. Spectra were corrected for the buffer signal
and conversion to the Mol CD (Ae) was performed with
Jasco Standard Analysis software.

Absorption Spectroscopy

The absorption spectra were recorded on a Perkin
Elmer Lambda 40 Spectrophotometer. Quartz cuvettes
of 1 cm were used. The absorbance titrations were
performed by keeping the concentration of HSA (12.5
uM) constant and varying the concentrations of the
drug (1 uM to 1 mM).

DETERMINATION OF PROTEIN
SECONDARY STRUCTURE BY FTIR AND
CD SPECTROSCOPY

Analysis of the secondary structure of HSA and its
drug complexes was carried out by CD [10,11] and
FTIR spectroscopy on the basis of the procedure
reported [12-14]. The protein secondary structure is
determined from the shape of the amide I band, located
at 1650-1660 cm~!. Fourier self-deconvolution and
second derivative resolution enhancement were applied
to increase the spectral resolution in the region of 1700-
1600 cm~'. The second derivatives were produced
using a point convolution of 11 or 13. The resolution
enhancement resulting from self-deconvolution and the
second derivative is such that the number and the
position of the bands to be fitted are determined. In
order to quantify the area of the different components
of the amide I contour, revealed by the second deriva-
tive, a least-square iterative curve-fitting was used to
fit the Gaussian line shapes to the spectra between
1700-1600 cm~'. Before curve-fitting was done, a
straight baseline, passing through the cordinates at
1700 and 1600 cm~!, was subtracted. The baseline
is then modified again by least-square curve-fitting,
which allowed for a horizontal baseline to be adjusted
as an additional parameter, in order to obtain the best
fit. It is known that no meaningful curve-fitting can
be performed by simple examination of the original
infrared spectra, which is why the self-deconvolution
procedure has to be carried out first. The curve-
fitting was done using a number of 50 simulations.
The resulting curve fitted is analyzed as follows: Each
Gaussian band is assigned to a secondary structure,
according to the frequency of its maximum; a-helix
(1649-1660 cm™!); B-sheet (1615-1640 cm™!); turn
(1660-1680 cm~1); random coil (1641-1648 cm 1) and
B-antiparallel (1680-1692 cm~t). The area of all the
component bands assigned to a given conformation
are then summed up and divided by the total area.
The number obtained is taken as the proportion of
the polypeptide chain in that conformation. These
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assignments are consistent with the previous values de-
termined theoretically [12] and experimentally [13,14].
The details of spectral manipulation have also been
given in the author’s previous report [15].

ANALYSIS OF DRUG-PROTEIN BINDING
CONSTANT BY UV-VISIBLE
SPECTROSCOPY

The values of the binding constants, ', were obtained,
according to the method described earlier [16,17] By
assuming that there is only one type of interaction
between the drug and the protein in an aqueous
solution, Equations 1 and 2 can be established:

HSA + drug < HSA : drug, (1)
_ [HSA : drug]

| = 20 Cruel 2
= [HSA][drug]’ 2)

where K is the binding constant for drug complexes:

Assuming [HSA : drug] = Cp,

C
I‘y = B 9 (3)
(Cusa — CB)(Carug — CB)
where Cpsa and Cypyg are the analytical concentration
of HSA and drug in solution, respectively.
According to the Beer-Lambert law:

AO
Chsa = —2—, 4
M54 ™ cHsall “)
A—Ag
cp=—"—"2=" 5
B EB.é ’ ( )

where, Ag and A are the absorbance of HSA at 280 nm,
in the absence and presence of the drug, respectively.
cusa and eg are the molar extinction coefficient of HSA
and the bound drug, respectively and ¢ is the light path
of the cuvette (1 cm).

By displacing spsa and ep in Equation 3 by
Equations 4 and 5, Equation 6 can be deduced, as
follows:

Ao _ €HsA
A—AO €B

Thus, the double reciprocal plot of 1/(A — Ap) vs.
1/Carug(1/[drug]) is linear and the binding constant
(K) can be estimated from the ratio of the intercept to
the slope [16,17].

€Hsa 1 (6)
EB.IX’ ' Cdrug '

CAPILLARY ELECTROPHORESIS AND
STABILITY OF DRUG-PROTEIN
COMPLEXES

The binding constants for the drug-HSA complexes
were determined using Scatchard analysis, following
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capillary electrophoresis [18,19]. The average number
(Ry) of the drug bound per one binding site of the HSA
was determined from the change of the peak area, due
to the presence of the drug, by the following equation:

Ry = (m —my,)/(ms —m,), (7)

where m is the change of the mobility shift measured
for any added drug concentration, while m, and mg
correspond to the mobility shifts of the free HSA and
the drug saturated, respectively. Using the equation of
the binding constant:

K, = [drug — HSA]/[HSA][drug]. (8)

The experimental drug binding constants, Kj, were
then computed by fitting the experimental values of
Ry and drug concentrations to the equation:

Ry = Kyp[drug]/(1 + K[drug)]). (9)

The last equation provides a convenient form for
Scatchard analysis:

Rf/[dl‘llg] =K — Kbe. (10)

RESULTS AND DISCUSSION
Infrared and CD Analyses

The drug-HSA binding was characterized by infrared
spectroscopy. The difference spectra [(protein so-
lution 4 drug) — (protein solution)] showed major
spectral changes for the protein amide I band at
1656 cm~! (mainly C=0 stretch) and amide IT band
at 1542 cm™! (C-N stretching coupled with N-H bend-
ing modes) [12,13] upon drug interaction (Figure 1).
Similarly, the infrared second derivative derivative and
curve-fitting procedures were used [13,14] to determine
the protein secondary structures in the presence of
the drugs. The results are presented in Table 1.
Information from CD spectroscopy was also used for
comparative purposes to analyze the protein secondary
structure in the presence of drug in aqueous solutions.
The drug contents were of 1 uM to 1 mM, with a final
HSA concentration of 0.3 mM.

The presence of negative features around 1651-
1662 cm ™! (amide I) and 1537-1548 cm ™! (amide II)
were observed in the difference spectra of the drug-HSA
complexes (except for cisPt, AZT and aspirin com-
plexes, in which positive features at 1557-1548 cm™"!
were observed for the amide IT band), which are
attributed to intensity variations of the amide I band
at 1656 cm~! and amide II band at 1542 cm ™!, upon
drug-protein complexation (Figure 1). The observed
spectral changes were attributed to the interaction
(H-bonding) of the drug with protein C=0 and C-
N groups [20-26]. The interaction of the drug with
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Figure 1. FTIR spectra (top first curve) and difference spectra [(protein solution + drug solution) - (protein solution)]
(bottom eight curves) of the free HSA and its drug complexes, in aqueous solution at physiological pH with different drug
concentrations of 1 uM to 1 mM and final HSA content 0.3 mM, in the region of 1800-1500 cm™*.

the protein C-N group is also evident from the shift
of the amide A band at 3303 cm~! (peptide N-H
stretching mode) [12] towards a lower frequency at
3290 em~!'. Among these drugs, aspirin was found
to bind to the s-amino NHJ group at low drug
concentration, while causing acetylation of Lys-199
at high drug content [20]. Cisplatin was found to
bind HSA at C-N and S-H groups [21]. The Cis-
Pt drug binds also to the Cys-34 and to the Met-
298 of human serum albumin, inducing major protein
conformational changes [27], while the AZT binding
site was located in the protein IITA domain [4]. AZT
showed two binding sites on HSA with strong and weak
association constants [22]. 2,4-D exhibited two bind-
ings with HSA subdomain III, while atrazine showed
one binding site [24,28]. It was found that 90% of
paclitaxel complexes serum albumin with specific bind-

ing [23,29,30]. Similarly, strong bindings were observed
for chlorophyll and chlorophyllin adducts of human
serum albumin [31]. The biogenic polyamines bind
protein in a non-specific manner [32]. Spermine, sper-
midine and putrescine bind HSA through a H-bonding
network [25]. Poly (ethylene glycol) binds protein
via a H-bonding system [33,34]. Naturally occurring
antioxidant flavonoids, such as quercetin, kaempferol
and delphinidin, bind HSA strongly through a H-
bonding network [35]. Vanadyl ions show a major
affinity for binding to nitrogen and oxygen donors of
biomolecules [36,37]. Vanadyl cation (VO?T) binds
strongly to two different binding sites of chloroper-
oxidase at histidine 496 (directly) and histidine 404
(indirectly) [38]. Vanadyl cation also complexes with
HSA at two binding sites with two affinity constants
(strong and weak), while vanadate anion (VO3 ) shows
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Table 1. Secondary structure determination for the free HSA and its drug complexes in HoO at physiological pH with
different drug concentrations and final protein content of 0.3 mM (at 25°C) [20-26]. The values in parentheses are from

D->O.
Amide I HSA |HSA-| HSA- | HSA- | HSA- | HSA- | HSA- | HSA- |HSA-|HSA-|HSA- HSA-
Components| Free AZT | cis-Pt Asp Taxol Chl Chln |Atrazine|2,4-D| Spm | Spd | Put
(cm_l) H,O (%)|1 mM|0.1 mM|0.1 mM|0.1 mM|0.5 mM|0.5 mM| 1 mM |1 mM|1 mM|1 mM|1 mM
1692-1680 120 £ 1| 11.0 13.0 4.0 15.0 15.0 12.0 12.9 10.7 | 10.0 3.0 5.0
[B-anti
1680-1660 11.0 £ 1 | 10.0 10.0 16.0 13.0 9.0 19.0 14.8 12.1 20.0 23.0 22.0
Turn
1660-1(.;49 55.0 &£ 3 | 49.0 45.0 49.0 46.0 41.0 40.0 49.3 44.8 | 40.0 43.0 40.0
a-helix
We4-164L 1y 09| - | (1200 | (40) | (120) | - ; ; - |70 | 70| -
Random
1640-1615 22.0 £ 2| 30.0 32.0 31.0 26.0 35.0 29.0 24.0 32.4 23.0 24.0 33.0
[B-sheet,

HSA: Human Serum Albumin; AZT: 3'-azido-3'-deoxythymidine; cis-Pt: Cisplatine; Asp: Aspirin; Chl: Chlorophyl;
Chln: Chlorophyllin; 2,4-D: 2,4-dichlorophenoxyacetic; Spm: Spermine; Spd: spermidine; Put: Putrescine.

minor interaction towards the e-amino NHZ group with
one binding constant [26]. As the drug concentration
was increased, the intensity of the amide I band at
1659 cm~! and amide II band at 1545 cm ™! decreased
further in the spectra of drug-HSA complexes. The
reduction in the intensity of the amide I is also related
to the decrease of the a-helix content in favor of 3-sheet
and turn structures, which will be discussed below. It
should be noted that a weak band at 1518 cm ™! of
the free HSA is assigned to the tyrosine side chain
vibration [39-41], which exhibited a minor intensity
increase in the spectra of cis-Pt and AZT-HSA adducts
but not in the other drug-HSA complexes, which is
attributed to minor drug binding to tyrosine residues
in these drug-HSA complexes.

A quantitative analysis of the protein secondary
structure for the free HSA and its drug complexes in
H,O is given in Table 1. The free protein contained
major a-helix 55%, 3-sheet 22%, turn structure 11%
and p-antiparallel 12%. The (-sheet structure is
composed of three components at 1616 cm™! (inter (-
strand), 1625 cm™! (intra B-strand) and 1635 cm~!
(hydrated), which are consistent with the recent spec-
troscopic studies of human serum albumin [42,43].
In DO solution, due to isotopic substitution (D/H),
the presence of a component band at 1644 cm~! in
the spectrum of the free HSA was attributed to the
contribution of the random structure (10%). Upon
drug complexation, the a-helix structure was reduced
from 55% to 43-40%, the -pleated increased from 22%
to 23-33%, the 3-anti decreased from 12% to 11-3% and
the turn structure increased from 11% to 20-24% at
high drug concentration [20-26,28] (Table 1). The CD
spectra of the free HSA and its drug complexes also
exhibited reduction of the a-helix from that of 60%

(free HSA) to 55-50% (drug complexes) at high drug
concentration, which is consistent with the infrared
results (Figure 2). The minor differences between the
amounts of a-helix obtained by CD (60%) and infrared
(55%) are due to the sample preparation (CD spectra
were performed in aqueous solution, while infrared
spectra were recorded on hydrated films).

It should be noted that there are some differences
in the a-helix contents reported here and those of X-

HSA free
w - AZT-HAS 1 mM
<]
186 236=""246 256 266
-5
-10 Wavelength (nm)
(a)
35
25
—— HSA free
15 --- Chl-HAS 0.5 mM
o N Chln-HAS 0.5 mM
4 5
.5 {186 196 \\‘206 216 226 _:2,"%6“" 246 256 266
15 i~
-25
Wavelength (nm)
(b)

Figure 2. Circular dichroism of the free HSA and its
drug complexes in aqueous solution with different drug
concentrations of 0.5 mM to 1 mM and final HSA content
0.3 mM.
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ray structural analysis of HSA in the solid state that
showed a-helix 66% and 34% for other conformational
components [5]. The differences in a-helix content can
be due to the different structural arrangements of the
protein in the solid state and aqueous solution. Struc-
tural differences were also observed for other proteins
in the solid state and in aqueous solution [44-49]. The
reduction of the a-helix in favor of the 3-sheet and turn
structures is indicative of a partial unfolding of protein
in the presence of the drug at high concentration.
Similar conformational transition from a-helix to (-
sheet structure was observed for the protein unfolding
upon protonation and heat denaturation [50-52].

STABILITY OF DRUG-HSA COMPLEXES
BY UV AND CAPILLARY
ELECTROPHORESIS

The drug-HSA binding constants were determined by
capillary electrophoresis and UV-Visible methods (Fig-
ures 3 and Table 2). It showed the presence of strong
and weak drug-protein interactions, both specific and
non-specific bindings, with the order of K\Q,‘g =12x
108M~1 > Kazr = 1.9 x 106M~t > Kge = 4.7 x
10°M~' > Kppg = 4.1 x 10°M™! > Ko = 2.6 x
10°M™' > Kgue = 14 x 10°M™" > Kagrasine

Ki=2.5%x10*M™!

1.0

(Ry/Lyx10%M ™!

K2=8.0x10°M™!

0.0 0.2 0.4 0.6 0.8 1.0
R.r

(a) HSA-2,4-D complexes

a0

3.04 =35 %107 M

(Ry/L)x10TM

0.0 v v v -
0.0 0.2 0.4 0.6 0.8 1.0

Ry

(b) HSA-Atrazine complexes

Figure 3. Scatchard plots for HSA-2,4-D and
HSA-atrazine complexes with different drug concentrations

of 6.25 uM to 250 uM and final HSA content 7.25 pM.
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Table 2. Binding constants of drug complexes with
Human Serum Albumin (HSA) of 0.3 mM final
concentration and ligand content of 1 uM to 1 mM at pH
7+ 0.2 and 25°C [20-26,31,33,35].

Drugs n Kl(M_l) Kg(M_l)
AZT 2 1.9 x 108 2.1 x 10*
Cisplatin 1 | %8.52 x 10? -
Aspirin 1 | %1.04 x 10* -
Taxol 1 | %1.43 x 10* -
Chlorophyl 1 ¥2.9 x 10% -
Chlorophyllin | 1 *7.0 x 10° -
Atrazine 1 3.5 x 104 -
2,4-D 2 | 2.5x10* 8.0 x 10°
Spermine 1 *1.7 x 10% -
Spermidine 1 *5.4 x 10° -
Putrescine 1 *3.9 x 10° -
PEG 1 | %4.1 % 10° -
vVO2z+ 2 | 1.2x10® 8.5 x 10°
VO; 1| 6.0x10° -
del 1| 4.7x10° -
kae 1| 26x10° -
que 1 1.4 x 10% -

n is the number of binding sites; and K; and Kg are the
corresponding association constants from capillary
electrophoresis and *UV-visible methods;

AZT is 3'-azido-3'-deoxythymidine;

2,4-D is 2,4-dichlorophenoxyacetic;

PEG is poly(ethylene glycol); que is quercetin; kae is kaempferol;
del is delphinidin.

3.5 x 10*M~' > K’chlorophyll = 29 x 10*M~!

Ks4-p=25x10"M™ > Kopermine = 1.7x 10*M 1
Kiaxol = 1.43 X 10*°M ™! > Kgpivin = 1.04 x 10*M ™1
I\/ychlorophyllin = 7.0 x 10°M~! > I(\703 = 6.0 X
103M_1 > I(spermidine =54 x 103M_1 > I(putrescine =
3.9 x 103M ™1 > Keisplatin = 1.2 x 10°M~* (Table 2).
The association constants calculated for the porphyrin-
HSA complexes show a weak pigment-protein interac-
tion (nonspecific binding), with respect to the other
strong ligand-protein complexes, with binding con-
stants ranging from 105M ! to 103M ! [53,54]. Similar
weak interactions were observed in the cis-Pt(NHjs)o-
HSA and taxol-HSA complexes [21,23]. The larger
stability of the ChI-HSA (2.9 x 10*M~!) over Chln-
HSA complexes (7.0 x 103M~1) is due to the formation
of more stable five or six-coordination Mg(II) cation
via protein C=0 and C=N groups at axial positions
(compared with the four coordinated Mg cation in
chlorophyll), whereas the four coordination Cu(II) ion
in Chln is more stable than the five or six-coordinated
copper cation in the Chln-protein complexes [31]. Two

vV VvV V
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major bindings were observed for the vanadyl cation,
AZT and 2-4-D, while other drugs contained one
binding (Table 2).

SUMMARY

Drugs bind HSA via specific and non-specific interac-
tions with the order: VO?* > AZT > del > PEG > kae
> quer > atrazine > chlorophyll > 2,4-D > spermine >
taxol > aspirin > chlorophyllin > VO3 > spermidine >
putrescine > cisplatin. The drug complexation induced
major protein conformational changes with a reduction
of a-helix from 55% (free HSA) to 49-39% and an
increase of 3-structure from 22% (free HSA) to 23-35%.
The major reduction of the a-helix is characteristic of a
partial protein unfolding in these drug-HSA complexes.
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