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Abstract—Human plasma protein binding of six antimalarial agents of quinoline and acridine types was investigated by using spec-
troscopic techniques, affinity chromatography, ultrafiltration and HPLC methods. Induced circular dichroism (ICD) spectra showed
binding of amodiaquine (AMQ), primaquine (PRQ), tafenoquine (TFQ), and quinacrine (QR) to a1-acid glycoprotein (AAG), the
serum level of which greatly increases in Plasmodium infections. Association constant (Ka) values of about 105–106 M�1 could be
determined. Analysis of the ICD and UV spectra of the drug–AAG complexes suggested the inclusion of the ligands into the central
hydrophobic cavity of the protein. Using the purified forms of the two main genetic variants of AAG, ICD data indicated the selec-
tive binding of AMQ and PRQ to the ‘F1/S’, while QR to the ‘A’ variant. Results of fluorescence experiments supported the AAG
binding of these drugs and provided further insights into the binding details of TFQ and QR. Fluorescence and CD displacement
experiments showed the high-affinity AAG binding of mefloquine (Ka � 106 M�1). For this drug, inverse binding stereoselectivities
were found with the ‘F1/S’ and ‘A’ genetic variants of AAG. HSA association constants estimated from affinity chromatography
results lag behind (103–105 M�1) the similar values derived for AAG. In case of chloroquine, no significant binding interaction
was found either with AAG or HSA. Pharmacological aspects of the results are discussed.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Among the human plasma proteins albumin (HSA) and
a1-acid glycoprotein (AAG) give the largest contribu-
tion to serum protein binding of drugs. The normal plas-
ma concentrations of HSA and AAG are 40 mg/mL;
600 lM and 0.5–1.4 mg/mL; 12–30 lM, respectively.
HSA (585 residues, Mw = 66,500) appears to have high
binding affinity for acidic and neutral compounds at
two main binding sites located in subdomains IIA (site
I) and IIIA (site II).1 In contrast, basic drugs tend to
bind preferably to the heavily glycosylated AAG (183
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residues, Mw = 36,000–44,000).2 The exact three-dimen-
sional structure of AAG is still unknown. It belongs to
the so called lipocalin protein family, characterized by
a common tertiary structure with typical b-barrel motif,
which functions as a hydrophobic pocket accomodating
various ligands.3 AAG exists in two main polymorphic
forms called ‘F1/S’ (ORM1) and ‘A’ (ORM2) genetic
variants, which show different drug binding proper-
ties.4,5 The genetic variants are encoded by two different
genes having 22/183 codon substitutions.6 The biological
function of this protein is not clear, although a number
of in vitro and in vivo activities have been described. Be-
side the plasma transportation of a wide range of basic
and neutral compounds, AAG has also been classified
as a member of the immunocalin family, a lipocalin sub-
family that modulates immune and inflammatory
responses.2,7

Various disease states can significantly alter the concen-
trations of plasma proteins hereby modifying the free/
bound fractions of pharmaceutical agents. It results in
altered therapeutic effectiveness of highly protein-bound
drugs. Similarly to other negative acute-phase proteins,
synthesis of HSA is greatly depressed during acute-
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phase reactions induced by stressful insults such as acute
infections, trauma, cancer, and autoimmune diseases.8

In contrast, serum concentration of the positive acute-
phase reactant AAG increases 2- to 10-fold under the
same conditions.2,9

Antimalarial agents are typical examples for drugs
administered in acute-phase conditions.10 They are in
use primarily for treatment and prophylaxis of various
forms of malaria but quinacrine (QR) and chloroquine
(CLQ) also show therapeutic benefits in autoimmune
diseases such as rheumatoid arthritis, lupus erythemato-
sus, and sarcoidosis.11,12 In acute Plasmodium falcipa-
rum malaria serum concentrations of AAG in non-
immune patients increased twofold within 24 h com-
pared to control subjects; while plasma level of HSA de-
creased by 30%.13 Two- to threefold increase in serum
AAG concentrations have been reported in arthritis
and lupus erythematosus.9 Protein-energy malnutrition
is highly prevalent in developing countries where malar-
ia is endemic. In undernourished subjects, serum albu-
min concentration falls while AAG was found above
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Figure 1. Chemical structures of antimalarial drugs studied in this work. As
the normal level and caused a significant decrease in
the free fraction of the test drug propranolol.14 Negative
correlation has been reported between the plasma level
of AAG and the free fraction of quinine in children with
falciparum malaria, too.15

Numerous antimalarial compounds used in the clinical
practice including 4-aminoquinolines such as amodia-
quine (AMQ) and CLQ, the 8-aminoquinoline primaqu-
ine (PRQ) and tafenoquine (TFQ), quinoline methanols
(MFQ, quinine, quinidine), and acridine derivatives
(QR) possess a heteroaromatic moiety and an aliphatic
or alicyclic side chain containing an amino group pro-
tonated at physiological pH (Fig. 1). Based on these
structural properties it can be expected that these drugs
may preferentially bind to AAG. Except for quinine and
quinidine,2,16 however, details of their binding interac-
tions with AAG and HSA have not been determined yet.

Recently, circular dichroism (CD) and electronic
absorption spectroscopy have successfully been used to
demonstrate the AAG binding of the antimalarial
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agents PRQ and MFQ.17 From the analysis of the
extrinsic CD signals induced by the protein environ-
ment, inclusion of the drug molecules into the central
hydrophobic cavity of AAG near to the Trp25 residue
was concluded. Induced CD (ICD) spectra provided evi-
dence for the high-affinity binding of QR to chicken
AAG, as well.18 Human AAG association of QR-related
acridine compounds and the antimalarial xanthene dye
rhodamine B was also demonstrated by employing CD
spectroscopy.5,17

In the current study CD, UV/VIS absorption and fluo-
rescence spectroscopic techniques have been used to
investigate the binding of six antimalarial compounds
(Fig. 1) to AAG and HSA, in order to obtain some
information for their pharmacokinetic, pharmacody-
namic and toxicological profiles. Some experiments were
performed also with the separated genetic variants of
AAG. HSA binding affinities were evaluated by affinity
chromatography. Stereoselective binding of MFQ to
AAG was investigated by combined ultrafiltration and
chiral HPLC techniques.
2. Results

2.1. Circular dichroism and UV/VIS spectroscopic studies
of AAG binding of PRQ, TFQ, AMQ, and QR

Binding interaction of small molecules with the pro-
tein host often induces changes in the optical spectra
of the guest represented by a red/blue shift and/or
intensity increase/decrease of the absorption bands
Figure 2. Difference CD and UV absorption spectra of (±)-PRQ diphosph

solution at 37 �C. [PRQ] = 9 lM.
reflecting the environmental change (from bulk solvent
to the binding site) of the guest chromophore. In
addition, such complexes may exhibit extrinsic CD
activity due to the chiral perturbation of the electronic
transitions of the ligands by the asymmetric protein
surroundings.18,19 By this way, CD spectroscopy pro-
vides a powerful method to detect the formation of
drug–protein complexes and for characterization of li-
gand binding modes.

The CD curve of AAG displays multiple, weak positive
signals between 250 and 310 nm (data not shown). Un-
der simulative physiological conditions (37 �C, pH 7.4
Ringer buffer) four of the studied antimalarial drugs,
AMQ, PRQ, QR, and TFQ showed definite extrinsic
CD bands upon their addition into AAG solution.
These compounds are either achiral (AMQ) or racemic
mixtures (PRQ, QR, TFQ) so they do not have intrinsic
CD activities in protein free solutions. Thus, appearance
of difference CD bands, obtained by subtracting the CD
contribution of AAG from that of the drug-protein mix-
tures, clearly indicates the binding of these drugs to the
asymmetric protein binding site.

The shape of the single positive Cotton effect (CE) of
protein-bound PRQ strongly resembles its UV absorp-
tion band which is red shifted in relation to the absorp-
tion peak of the free drug (Fig. 2).

A similar, but smaller shift was observed in the UV spec-
trum of AAG-bound TFQ which showed two asymmet-
ric CEs in the UV absorption region, a stronger long-
wavelength positive and a weaker short-wavelength neg-
ate in the presence of 40 lM AAG and in protein-free Ringer buffer



Figure 3. Difference CD and UV absorption spectra of (±)-TFQ in the presence of 28 lM AAG and in protein-free Ringer buffer solution at 37 �C.

[TFQ] = 12 lM.
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ative one at 272 and 248 nm (Fig. 3). An additional
broad, negative CD band was also induced between
300 and 350 nm where TFQ displays no definite absorp-
tion peaks.
Figure 4. Difference CD and UV absorption spectra of AMQ hydrochloride in

at 37 �C. [AMQ] = 17 lM.
Binding of AMQ to AAG resulted in two, a stronger
negative and a very weak positive ICD peaks above
300 nm, centered over the short- and long-wavelength
tails of the absorption band (Fig. 4). Only a slight red-
the presence of 47 lM AAG and in protein-free Ringer buffer solution
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shift of the UV kmax of AMQ was seen in the AAG-
bound state.

Difference CD curve of QR–AAG mixture displayed
low-intensity positive ICD bands both in the visible
and in the UV absorption regions (Fig. 5A and B). Spec-
tral positions of the UV and VIS CEs correspond to the
Figure 5. (A) Difference CD and VIS absorption spectra of (±)-QR dihydroch

solution at 37 �C. [QR] = 37 lM. (B) Difference CD and UV absorption spe

protein-free Ringer buffer solution at 37 �C. [QR] = 8 lM.
relevant absorption bands of the drug. Next to the
short-wavelength ICD peak, a much weaker negative di-
chroic band also appeared around 294 nm (Fig. 5B). In
relation to the spectrum recorded in buffer solution, the
UV and VIS absorption bands of AAG-bound QR were
shifted in opposite directions: while the UV peak exhib-
ited a bathochromic shift, kmax of the visible band was
loride in the presence of 69 lM AAG and in protein-free Ringer buffer

ctra of (±)-QR dihydrochloride in the presence of 22 lM AAG and in
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moved to slightly shorter wavelengths. It could also be
observed that in contrast to the protein-free condition,
vibrational fine structures of both the UV and VIS
absorption bands were suppressed (Fig. 5A and B).

Upon titration of a fixed amount of AAG with increments
of the four antimalarial drugs, the ICD values at constant
wavelength indicate the actual bound ligand concentra-
tions. The values of the association binding constants
(Ka) and the number of binding sites per AAG molecule
(n) were calculated from the ICD data (Table 1) by apply-
ing nonlinear regression analysis. In case of TFQ the ICD
titration experiment was repeated at 23 �C, because large
difference was obtained for the Ka values by the ICD and
fluorescence approaches (cf. Tables 1 and 2). The binding
constant obtained at 23 �C was much higher
(1.1 · 106 M�1), being in agreement with the value esti-
mated from the fluorescence data (1.8 · 106 M�1). From
this unusually large temperature dependence, according
to the van’t Hoff equation thermodynamic parameters
of DG = �34 kJ mol�1, DH = �65 kJ mol�1 and
DS = �104 J mol�1 K�1 can be calculated.

Since commercial AAG samples consist of the ‘A’ and
‘F1/S’ genetic variants approximately in 30/70 ratio,4

some n < 1 values (Table 1) may reflect selective drug
binding on the genetic variants (Table 1). The n = 0.3 va-
lue yielded from the analysis of ICD data of QR-native
Table 1. In vitro binding parameters of antimalarial drugs on AAG

estimated from ICD spectroscopic data at 37 �C

Ka (M�1) n

Amodiaquine

diHCl (k = 328 nm)

Native 4.8 (±0.6) · 104 0.6

‘F1/S’ 5.8 (±0.4) · 104 0.9

Primaquine

diphosphate (k = 269 nm)

Native 4.1 (±1.0) · 105 0.7

‘F1/S’ 8.0 (±1.8) · 105 0.9

Quinacrine diHCl

(k = 271.6 nm)

Native 2.3 (±0.5) · 105 0.3

‘A’ 3.7 (±0.8) · 105 0.8

Tafenoquine (k = 272 nm) Native 3.3 (±0.7) · 105 0.9
*1.1 (±0.3) · 106 *1.0

Binding constant value of TFQ denoted by asterisk was calculated

from ICD spectra measured at 23 �C.

Table 2. Binding constants of antimalarial and reference drugs for the

binding on commercial AAG evaluated from quinaldine red displace-

ment at room temperature

Drug Ka (M�1)

CLQ 0.3 · 105

AMQ 1.1 · 105

PRQ 4.2 · 105

MFQ 8.7 · 105

TFQ 1.8 · 106

(±)-Propranolol 2.5 · 105

a1.5 · 105

Chlorpromazine 8.4 · 105

a9.6 · 105

Mifepristone 1 · 107

b4 · 106

a Ref. 4.
b Ref. 25.
AAG complex suggests selective association of the drug
to the ‘A’ variant. Therefore, ‘A’ variant solution was also
titrated with QR recording CD and UV spectra below
335 nm. In relation to the curves found with the native
protein (Fig. 5B), qualitatively the same but twice intense
CE pair was obtained (Supplementary Fig. 1) supporting
the ‘A’ variant binding specificity of QR. The larger bath-
ochromic shift of the UV band lends further evidence to
the existence of a high-affinity QR binding site on the
‘A’ variant. Accordingly, no ICD signal was observed
upon addition of QR to the ‘F1/S’ variant solution (data
not shown). Nevertheless, comparison of the UV spectra
of the drug taken in buffer solution and in the presence of
the ‘F1/S’ variant proves that QR–‘F1/S’ binding interac-
tion also does occur, since the intensity ratio of the unre-
solved sub-bands of the UV peak is just the opposite, and
a small, but definite bathochromic shift can be observed in
the protein solution (Supplementary Fig. 2).

Evaluation of the ICD data of AMQ–AAG and PRQ–
AAG interactions resulted in n values of 0.6 and 0.7 sug-
gesting the ‘F1/S’ variant binding preference of these
drugs. CD titration measurements were performed un-
der the same conditions by using ‘F1/S’ protein sample.
The ICD curves of PRQ–‘F1/S’ and AMQ–‘F1/S’ mix-
tures were similar to those obtained with the native pro-
tein (data not shown). The stoichiometry values
confirmed the selective binding of these drugs on the
‘F1/S’ variant (Table 1).

The n value of about one derived for TFQ suggests that
this drug does not discriminate between the genetic vari-
ants of AAG.

2.2. CD and UV/VIS spectroscopic investigations of
CLQ–AAG interaction

Unlike PRQ (8-aminoquinoline), in AAG solution the
4-aminoquinoline drug CLQ did not show any ICD sig-
nal. Accordingly, the difference UV spectrum of CLQ
obtained in the presence of AAG was practically identi-
cal to that recorded in buffer (not shown).

2.3. Demonstration of MFQ–AAG interaction by CD
displacement experiments

The principal p–p* transition of the quinoline ring of
MFQ is located below 230 nm (in EtOH, emax is
44,000 at 222.5 nm) where the strong intrinsic CD
activity and light absorption of AAG prevent measur-
ing reliable ICD data. Furthermore, no ICD signal
was found in the low-intensity (emax is 5800 at
282.5 nm) UV absorption region of MFQ between
250 and 330 nm (not shown). Thus, AAG binding
ability of MFQ was tested indirectly by using the
CD displacement method.20,49 Consecutive addition
of MFQ to a drug–AAG complex showing ICD activ-
ity above 240 nm may result in the decrease or com-
plete extinction of the ICD signal due to
competition for the same drug binding area. AAG
complexes of AMQ, PRQ, and TFQ were selected
to study the effect of MFQ on their extrinsic CEs
(Fig. 6). Amplitude of the ICD peak of AMQ de-



Figure 6. Results of CD displacement experiments performed with (±)-MFQ on drug–AAG complexes in Ringer buffer solution at 37 �C. MFQ was

added as ll aliquots of ethanolic stock solution.
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creased gradually upon addition of MFQ and reduced
to zero between 1.7 and 2.4 molar ratio of [MFQ]/
[AMQ]. In case of PRQ, however, the signal decreased
quickly by 37%, but significant residual ICD activity
was measured even at MFQ concentrations far higher
than that of the AAG. The shape of the displacement
curve of TFQ–AAG complex was similar to that ob-
tained with PRQ but the residual ICD is less
pronounced.

2.4. CD and UV/VIS spectroscopic study of HSA binding
of antimalarial drugs

Interaction of AMQ with HSA induced a CD band pair
in the near-UV region where the drug chromophore
shows light absorption (Supplementary Fig. 3). Shape
and spectral position of these CEs resemble those mea-
sured in the presence of AAG (Fig. 4) but they are more
symmetric and their magnitudes are nearly equal.
Absorption maximum of the albumin-bound AMQ is
at slightly shorter wavelength compared either to the
AMQ–AAG complex (Fig. 4) or to the protein-free
spectra. Analysis of ICD values obtained at different
[drug]/[HSA] molar ratios indicated weak binding
(Ka = 0.62 · 104 M�1) and n = 1.1 for the number of
binding sites.

Difference CD curves of the TFQ–HSA mixture dis-
played less intense but analogous CEs as found with
AAG (Supplementary Fig. 4). The UV band of TFQ,
however, exhibited a larger red shift in the presence of
albumin (cf. Fig. 3). Analysis of CD titration data indi-
cated low-affinity (Ka = 2.4 · 104 M�1) HSA binding for
TFQ in 1:1 stoichiometry. Titration experiment per-
formed at 23 �C also showed low intensity ICD values
of irregular pattern.
Over the range of 240–500 nm, difference UV/VIS spec-
tra of PRQ, QR, and CLQ added to HSA solution did
not differ from those measured in buffer, and ICD activ-
ities could not be detected, either.

2.5. Evaluation of AAG binding affinities from quinaldine
red displacement by fluorescence method

Quinaldine red is a specific fluorescent probe of AAG.21–

23 It is highly fluorescent in protein-bound state, the
fluorescence of the free dye is negligible. Quenching of
fluorescence of bound label by drugs is supposed to be
of static nature, thus it reflects the decrease of bound la-
bel concentration. It is to be noted that fluorescence of
bound quinaldine red in native AAG solution refers
mostly to the ‘F1/S’ genetic variant.23 The effect of five
antimalarial agents and three reference drugs on the
fluorescence of quinaldine red bound to AAG can be
seen in Figure 7. The corresponding quenching con-
stants (KSV) according to the Stern-Volmer equation
(F0/F = 1 + KSV [quencher])24 are given in Table 2.4,25

The quenching constants are considered to be identical
with the binding constants (Ka) of the displacers. It
can be observed that the binding of CLQ is weak,
AMQ is moderate, while PRQ, MFQ, and especially
TFQ have high affinities for AAG. QR could not be
investigated by this method because of its own
fluorescence.

2.6. Study of TFQ and QR binding to AAG and HSA by
fluorescence detection

TFQ was found to exhibit remarkably enhanced fluores-
cence emission in the presence of both AAG and HSA
(Fig. 8a). Though the UV maximum of TFQ is at
264 nm (Fig. 3), the emission maxima wavelengths were



Figure 7. Quenching of 2 lM quinaldine red fluorescence in 2.5 lM AAG solution by antimalarial agents (a) and by reference drugs (b). Excitation

and emission wavelengths were 495 and 576 nm, respectively.

Figure 8. Fluorescence of (±)-TFQ in the presence of serum proteins (room temperature). (a) Fluorescence emission spectra of 10 lM TFQ in buffer

as well as in different 10 lM protein solutions (commercial AAG, its ‘F1/S’ and ‘A’ genetic variants or HSA). Excitation was made at 300 nm; (b)

Titration of 10 lM protein solutions by TFQ. Fluorescence intensities were read at the corresponding emission peak maxima.
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as high as 505 nm in buffer, while 480 and 460 nm with
AAG and HSA, respectively. Specific fluorescence val-
ues of fully bound TFQ were determined by mixing ex-
cess amount of protein crystals into the ligand solution
or using data obtained at low L/P ratios. Excitation
was made at 300 nm to avoid the disturbance of the scat-
tered light. The fluorescence of TFQ with the AAG ge-
netic variants was different. The complexes with the ‘F1/
S’ and ‘A’ variants could be detected at 482 and 475 nm,
respectively, and the specific fluorescence of the ‘A’ com-
plex was about 1.6 times more intense compared to the
‘F1/S’ variant. Scatchard plots calculated from the titra-
tion curves (Fig. 8b) of different protein solutions re-
sulted in nKa values of about 1.6 · 106 and
3 · 105 M�1 for the binding of TFQ to AAG and
HSA, respectively. The plots indicated the occurence
of low-affinity secondary binding processes, too.

Since the UV band of QR suggested its association with
the ‘F1/S’ variant too (Supplementary Fig. 2), fluores-
cence emission spectra of QR were recorded in buffer
solution as well as in the presence of commercial AAG
and its genetic variants. By the addition of QR into
the protein solutions positions of the emission maxima
displayed definite blue shifts and the quantum yields
were enhanced (Fig. 9). Compared to the emission curve
measured in Ringer buffer, the largest change was ob-
served with the ‘A’ variant but significant blue shift
and fluorescence intensity enhancement were also ob-
tained with the ‘F1/S’ form.



Figure 9. Fluorescence emission spectra of 1 lM (±)-QR dihydrochlo-

ride in buffer as well as in 10 lM AAG solutions (commercial AAG, its

‘F1/S’ and ‘A’ genetic variants). Excitation was made at 420 nm (room

temperature).
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2.7. HSA binding study by affinity chromatography

Binding affinity of the antimalarial drugs to HSA was
evaluated from their retentions on a HSA-Sepharose
column. Elution volumes are characteristic of the bind-
ing affinity (nKa).48 Oxazepam acetate and lorazepam
acetate enantiomers, as well as diazepam, were used as
reference compounds. Results in Table 3 indicate weak
albumin binding for CLQ, PRQ, QR, and AMQ, while
stronger binding for MFQ and especially for TFQ.

2.8. Study on the location of binding sites of MFQ and
TFQ on HSA

Dansylsarcosine and dansylamide are specific fluores-
cence labels of the two main binding sites of HSA.26

The effect of MFQ (1–20 lM) was investigated on the
fluorescence of the labels (4 lM) in HSA (10 lM) solu-
tions. Excitation and emission wavelengths were 350
and 480 nm, respectively. No fluorescence quenching
could be detected. TFQ could not be investigated by this
method because of its own fluorescence, so its binding
Table 3. Elution volumes (Ve) and corresponding binding parameters

(nKa) obtained on a HSA-Sepharose column (eluent: Ringer buffer, pH

7.4, room temperature)

Sample Ve (mL) nKa (M�1) Reference

Solvent 6.5

(R)-Oxazepam acetate 14 1 · 104 48

(S)-Oxazepam acetate 39 8 · 104 48

(R)-Lorazepam acetate 18 2 · 104 48

(S)-Lorazepam acetate 26.5 4 · 104 48

Diazepam 80 1.8 · 105 48

PRQ 9.5 �7 · 103 Estimated

CLQ 7.5 �2 · 103 Estimated

QR 9.5 �7 · 103 Estimated

AMQ 16 �2 · 104 Estimated

MFQ 39 �8 · 104 Estimated

TFQ 180 �3 · 105 Estimated
site was tested in the inversed experimental setup. Fluo-
rescence change of TFQ (10 lM) bound to HSA
(15 lM) was studied in the presence of flurbiprofen
and phenylbutazone, which are characteristic high-affin-
ity ligands of the two major drug-binding sites of
HSA.26 No quenching could be detected. Thus, the
binding of MFQ and TFQ probably occurs somewhere
else on the protein.

2.9. Stereoselective binding of MFQ to AAG and HSA

Stereoselective protein binding of erythro-MFQ was
investigated by analyzing the enantiomer composition
in the ultrafiltrates of solutions containing the racemic
drug and the protein. In the experiment performed with
60 lM HSA and 10 lM MFQ no significant stereoselec-
tivity was detected (not shown). The binding of MFQ to
AAG, however, was found to be stereoselective. Chiral
Figure 10. Enantiomeric composition of erythro-MFQ in the ultrafil-

trates of solutions containing 4 lM racemic drug and 25 lM AAG or

its ‘F1/S’ and ‘A’ genetic variants. HPLC analysis was made on chiral-

AGP column.
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HPLC analysis of the ultrafiltrates of solutions contain-
ing 4 lM racemic drug and 25 lM AAG showed enan-
tiomeric ratio of (�)/(+):41/59 for the free drug,
indicating the preferred binding of the (�)-enantiomer
(Fig. 10). Similar experiments performed with the genet-
ic variants of AAG revealed that the favored binding of
the (�)-enantiomer occurs on the ‘F1/S’ variant. On the
‘A’ variant, which takes up about 30% of native AAG,
the stereoselectivity is reversed, the binding of the (+)-
enantiomer is stronger. From the enantiomeric composi-
tions, stereoselectivity values of Ka(�)/Ka(+) � 2.4 and
Ka(+)/Ka(�) � 1.7 could be evaluated27 for the MFQ
binding on the ‘F1/S’ and ‘A’ variants, respectively.
3. Discussion

The spectroscopic data presented above suggest that
AAG is an important contributor in the plasma distri-
bution of the antimalarial drugs studied here (except
for CLQ). AAG binding of PRQ, TFQ, QR, and
AMQ generated extrinsic CD bands in the UV absorp-
tion region of the ligands. MFQ binding to AAG could
be revealed by indirect methods. HSA binding tests
showed considerable binding only in cases of MFQ
and TFQ (Table 3).

ICD activity of PRQ can be accounted for the non-
degenerate exciton interaction between the p–p* transi-
tions of the quinoline moiety and of the Trp25 side chain
near to the protein-bound drug.17 Accordingly, the prin-
cipal binding site of PRQ is inside the central hydropho-
bic cavity of the b-barrel fold of AAG where the Trp25
residue is located.28 The large red-shift in the UV spec-
trum of PRQ (Fig. 2) indicates the inclusion of the quin-
oline chromophore into a strongly hydrophobic protein
environment. ICD spectra of PRQ–AAG interaction
could be referred to the ‘F1/S’ variant selective binding
of the drug (Table 1). Fluorescence studies using the
strongly fluorescent AAG marker quinaldine red
showed that PRQ effectively displaces the dye from its
protein binding site (Fig. 7). Since quinaldine red is
bound inside the hydrophobic matrix of AAG, this find-
ing further supports the cavity binding concept of PRQ.
The affinity constant value of 4 · 105 M�1 PRQ esti-
mated to PRQ from fluorescence displacement experi-
ments (Table 2) is in good agreement with the value
derived from the ICD data (Table 1). Notably, the bind-
ing affinity of PRQ to HSA was found to be about 60
times weaker (Table 3).

According to the ICD data, the PRQ derivative TFQ car-
rying a bulky phenoxy substituent has similar AAG bind-
ing affinity but do not discriminate between the genetic
variants (Table 1). The spectral features of the principal
extrinsic CEs of TFQ and PRQ as well as the bathochro-
mic shift of their UV bands are highly similar to each other
suggesting the binding of both drugs inside the b-barrel
cavity of AAG. The same conclusion can be drawn from
the quinaldine red displacement results (Fig. 7). The ther-
modynamic parameters revealed that the binding of TFQ
to AAG is mainly enthalpy-driven. Negative enthalpy
and entropy changes are usually characteristic of pro-
tein–ligand interactions, where van der Waals interac-
tions and hydrogen bonds play major role.29 The Ka

value estimated from the fluorescence data
(3 · 105 M�1) showed much stronger HSA binding of
TFQ in relation to the association constant calculated
from the ICD spectra (2.4 · 104 M�1). Distinctly from
the case of AAG, this difference cannot be accounted
for the temperature dependence. In addition, the irregu-
larities of the ICD titration curves suggest some non-
homogenous binding environments of TFQ on HSA.
Thus, it can be assumed the ICD activity detected during
TFQ–HSA interaction may indicate a secondary binding
process. Fluorescence displacement tests showed that the
binding of TFQ occurs neither on site I or site II of HSA.
The larger red shift of the UV band of TFQ induced by the
HSA binding (Supplementary Fig. 4) compared to that
measured with AAG (Fig. 3) suggests the greater hydro-
phobicity of the primary drug-binding environment on
albumin. The blue shifts of the fluorescence emission max-
ima of HSA- and AAG-bound TFQ are in accordance
with this (Fig. 8a). Increase of the quantum yield and
the shift of the emission maximum upon mixing drugs
and proteins are the well-known indicators of the drug
binding to the apolar protein matrix. Using the same li-
gand (TFQ) with different proteins (AAG and HSA),
the extent of the blue shift correlates with the relative
hydrophobicity of the binding sites.30 Accordingly, chem-
ical nature of the TFQ binding sites on the AAG variants
is also different indicated by the unequal intensities and
wavelength maxima of the emission spectra (Fig. 8a)
showing the greater hydrophobicity of the ‘A’ variant site.
In summary, high-affinity AAG and HSA binding should
result in very extensive plasma protein binding of TFQ.
Due to the large serum level difference the contribution
of HSA must be dominant in the plasma protein binding
of TFQ.

CD and UV spectra showed no sign of binding interac-
tion either between CLQ and AAG or CLQ and HSA.
Similarly, CLQ was practically ineffective in displacing
quinaldine red from AAG (Fig. 7) and HSA affinity
chromatography results indicated its weak albumin
association (Table 3). All of these findings are in accor-
dance with the low plasma protein binding of CLQ re-
ported earlier.31

In case of AMQ which differs from CLQ in the side
chain, some ICD activities were found with both pro-
teins. In agreement with the quinaldine red displacement
and HSA-chromatographic results, the evaluated bind-
ing constants indicated moderate binding, favoring the
‘F1/S’ variant of AAG (Table 1).

QR displayed ICD bands in the presence of AAG indicat-
ing formation of drug–protein complexes (Fig. 5, Supple-
mentary Fig. 1), which could be referred to the ‘A’ genetic
variant. Aromatic moieties of AAG ligands contribute to
the protein binding via hydrophobic interactions (p–p
stacking, van der Waals forces). Compared to the struc-
turally similar but weak AAG ligand CLQ, extension of
the aromatic moiety in QR seem to be important in its
much stronger AAG binding. In contrast to the acridine
dyes which provoke intense exciton couplet upon binding
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to the ‘A’ variant in a dimeric form,5 the stoichiometry
values indicate the protein association of a single QR mol-
ecule (Table 1). The protein binding environment induces
CD activity in the electronic transitions of QR by the anal-
ogous mechanism as in PRQ; that is, via non-degenerate
exciton coupling between the p–p* transitions of the acri-
dine ring and an adjacent tryptophan residue.17 Since
racemic drug samples were used through the experiments,
measuring of both positive and negative ICD peaks
(Fig. 5B, Supplementary Fig. 1) suggests that the acridine
moiety of the enantiomers adopts opposite chiral spatial
arrangement in relation to the tryptophan indole ring.17

Due to the different interaction energies of that binding
modes, opposite CD activities are induced at slightly dif-
ferent wavelengths which do not completely cancel each
other and result in the biphasic ICD spectrum (Fig. 5B,
Supplementary Fig. 1). In addition, this mechanism ex-
plains loss of the vibrational fine structure of the UV
and VIS absorption bands of AAG-bound QR (Fig. 5,
Supplementary Fig. 1): absorption bands of the enantio-
mers are shifted in slightly different extents upon protein
binding and their nearly complete overlap generates
unstructured, bell-shaped peaks. Though no ICD bands
were found with the ‘F1/S’ variant of AAG, the lack of
ICD activity does not necessarily mean the lack of li-
gand–protein interactions. QR binds also to the ‘F1/S’
variant as suggested by alterations of its UV absorption
(Supplementary Fig. 2) and fluorescence emission spectra
(Fig. 9). In comparison with the ‘A’ variant, the ‘CD-si-
lent’ binding site of the ‘F1/S’ variant is less hydrophobic
(Fig. 9). The HSA binding of QR is very weak (Table 3).

Optical properties of MFQ prevented the direct ICD
study of its protein binding. CD (Fig. 6) and fluores-
cence (Fig. 7) displacement experiments, however, dem-
onstrated strong MFQ–AAG interaction (Table 2). CD
displacement curves indicate that MFQ and AMQ share
a common binding site, while partial displacement of
PRQ and TFQ suggests adjacent, partly overlapping
binding rooms for these drugs within the large cavity
of AAG.24

Human pharmacokinetics of MFQ has been reported to
be stereoselective, with higher plasma concentration for
the (�)-enantiomer.54,32 We found that the ‘F1/S’ genetic
variant of AAG is responsible for the favored plasma pro-
tein binding of the (�)-isomer. To our knowledge, the in-
verse stereoselective binding of MFQ enantiomers to the
AAG variants demonstrated here (Fig. 10) is the first
example for this kind of racemic drug–AAG binding
interaction. Though the binding of MFQ to HSA is weak-
er by about an order of magnitude, probably its contribu-
tion dominates in its extensive plasma binding.33,34

Fluorescence displacement tests indicated that site I and
site II are not involved in the MFQ–HSA interaction.
4. Implications of the results

1. Plasma protein binding of drugs might be important
in practical sense when the degree of the binding
exceeds 90%. Among the quinoline type antimalarial
drugs investigated here, excessive plasma protein
binding (>90%) of MFQ,33,34 and PRQ35 has been
reported earlier. Our results pointed out that AAG
is the most likely candidate being responsible for
the high plasma protein binding of MFQ, PRQ,
and QR. Due to its relatively low serum concentra-
tion (20–30 lM), AAG is a low-capacity drug carrier,
thus variations of its plasma level might significantly
alter unbound fractions of these high-affinity AAG
ligand antimalarial agents. In addition, the ‘F1/S’ or
‘A’ variant selective binding of the antimalarial drugs
(Table 1) further limits the binding capacity of AAG.
Thus, free drug levels can be more influenced by the
increase of the plasma AAG concentration observed
in Plasmodium infections13,15 and autoimmune dis-
eases.9 It is to be noted that the relative concentration
of the AAG genetic variants also changes in acute-
phase conditions36,37 which can further modify the
plasma distribution of antimalarial drugs showing
variant binding preference (QR, PRQ, MFQ). Taking
into account the similar HSA and AAG binding affin-
ities of TFQ, plasma protein binding of this drug is
principally determined by HSA present in large excess
in blood.

2. To prevent the emergence and overcome drug-resis-
tant malaria, artemisinin compounds are increasingly
used in combination with older agents such as MFQ
and AMQ.38 Since the role of AAG in the plasma
protein binding of artemisinins has been pointed
out,34,39,40 competitive plasma AAG binding interac-
tion between these drugs can be considered. Among
antibiotics41,42 used to treat malaria in combination
with classical antimalarial agents, lincomycin, clinda-
mycin and erythromycin are the high-affinity ligands
of AAG2,9 which raises the possibility of antibiotic-
antimalarial drug–drug competition for AAG bind-
ing sites. Similarly, high-affinity AAG drug ligands
used in the supportive therapy of malaria patients like
b-receptor blockers (e.g., propranolol), Ca2+ antago-
nists (e.g., verapamil), neuroleptics (e.g., chlorproma-
zine)2,4 might compete for AAG binding sites with
co-administered antimalarial drugs (QR, MFQ,
PRQ).

3. When chiral drugs are administered in racemic form,
the individual stereoisomers may bind to plasma pro-
teins with different affinities, resulting in different free
fractions. This effect might be practically significant,
especially when the pharmacodynamic and/or the
toxicology profiles of the enantiomers differ from
each other. MFQ, PRQ, TFQ, and QR are all chiral
drugs and used as racemates. Different in vivo anti-
malarial activity of QR, MFQ, and CLQ has been
reported and ascribed mainly to the stereoselective
differences in their pharmacokinetics.43–45 Similarly
to quinine and quinidine,46 the (+)-isomer of MFQ
was 1.7 times more active than the (�)-isomer against
P. falciparum in vitro,47 while the (�)-enantiomer is
more potent in the adverse effect in the central ner-
vous system.43 Human pharmacokinetics of MFQ
has been reported to be stereoselective, with higher
plasma concentration for the (�)-enantiomer.54,32

We found that the ‘F1/S’ genetic variant of AAG is
responsible for the favored plasma protein binding
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of the (�)-isomer. The opposite preferences detected
in the binding of MFQ enantiomers to the genetic
variants may result in interindividual differences.

4. Extrinsic CD activity of QR–AAG complexes is asso-
ciated entirely to the ‘A’ variant. Thus, QR can be
used as a novel selective CD marker suitable to study
the ‘A’ variant selective binding of compounds which
do not interfere with the ICD bands of QR between
250 and 300 nm.
5. Materials and methods

5.1. Materials

AMQ dihydrochloride (Sigma), (±)-CLQ diphosphate
(Sigma), MFQ hydrochloride (Sigma, racemic mixture
of the (�)-(11S,2 0R)- and (+)-(11R,2 0S)-erythro enantio-
mers), (±)-PRQ diphosphate (Aldrich), (±)-QR dihydro-
chloride (Fluka), quinaldine red (Sigma), (±)-propranolol
hydrochloride (Sigma), mifepristone (Sigma), and diaze-
pam (Sigma) were used as supplied. Chlorpromazine
hydrochloride was obtained from EGIS Pharmaceuti-
cals Ltd (Budapest, Hungary). (±)-Lorazepam acetate
was synthesized as described.48 AAG (99%, purified
from Cohn Fraction VI) and HSA (P96%, essentially
fatty acid free) were purchased from Sigma and used
without further purification. TFQ was the gift from
GlaxoSmithKline (Greenford, Middlesex, United King-
dom). Ligand stock solutions were prepared in double
distilled water (PRQ, CLQ, AMQ, QR, propranolol,
chlorpromazine), HPLC grade ethanol (TFQ, MFQ,
mifepristone), or in DMSO (quinaldine red).
5.2. Isolation of genetic variants of AAG

Commercial ‘native’ AAG (Sigma) samples were sub-
jected for separation of the two main genetic variants.
The ‘F1/S’ and ‘A’ forms were separated as described
previously.49
5.3. Preparation of AAG and HSA sample solutions

Protein samples were dissolved in physiological Ringer
buffer solution (pH 7.4, 137 mM NaCl, 2.7 mM KCl,
0.8 mM CaCl2, 1.1 mM MgCl2, 1.5 mM KH2PO4 and
8.1 mM Na2HPO4Æ12H2O). Molar concentrations of
AAG and HSA were determined spectrophotometri-
cally: e278 nm = 33,500 M�1 cm�1 for AAG50 and
e279 nm = 35,000 M�1 cm�1 for HSA.51
5.4. Circular dichroism and UV/VIS absorption spec-
troscopy measurements

CD and UV/VIS spectra were recorded on a Jasco J-715
spectropolarimeter at 37 ± 0.2 �C under a constant
nitrogen flow. Temperature control was provided by a
Peltier thermostat equipped with magnetic stirring.
For recording CD spectra, rectangular quartz cells of
1 cm optical pathlength (Hellma, USA) were used. All
measurements were made in physiological Ringer buffer
solution. Each spectrum represents the average of three
scans (scan speed was 100 nm/min). UV/VIS absorption
spectra were obtained by conversion of the high voltage
(HT) values of the photomultiplier tube of the CD
equipment into absorbance units. CD and absorption
curves of drug-protein mixtures were corrected by sub-
tracting the spectra of drug-free protein solutions.

JASCO CD spectropolarimeters record CD data as
ellipticity (‘H’) in units of millidegrees (mdeg). The
quantity of ‘H’ is converted to ‘De’ values using the
equation De = H/(33982cl), where ‘De’ is the molar circu-
lar dichroic absorption coefficient expressed in
M�1 cm�1, ‘c’ is the total drug concentration of the sam-
ple solutions (mol/L), and ‘l’ is the optical pathlength ex-
pressed in cm.52

5.5. Calculation of the binding parameters of drug–plasma
protein complexes from ICD data

Details of the estimation of the association constants
(Ka) and the number of binding sites (n) using ICD data
have been described earlier.51 Nonlinear regression anal-
ysis of the ICD values measured at different [drug]/[pro-
tein] molar ratios at fixed wavelength was performed by
the NLREG� software (statistical analysis program,
version 6.3 created by Philip H. Sherrod).

5.6. Fluorescence spectroscopy

Fluorescence measurements were carried out in a Shi-
madzu RF-1501 spectrofluorophotometer at room tem-
perature (23 ± 1 �C), using quartz cuvette with 1 cm
optical pathlength, both bandwidths were 10 nm. Ali-
quots of 2 mL AAG solutions (0.1 or 0.4 mg/mL) were
measured alone, as well as in the presence of labels
and displacers. Fluorescence intensities were corrected
for the background. The quenching of bound quinaldine
red fluorescence due to the ethanol content of additive
stock solutions was also taken into consideration.

5.7. Chiral HPLC analysis of MFQ in ultrafiltrates

Ultrafiltrations were performed in the Amicon MPS-1
system, using YMT30 membranes at room temperature.
The enantiomeric composition of free MFQ in the ultra-
filtrates was determined by chiral HPLC method. The
HPLC experiments were performed with a system com-
posed of a Jasco PU-980 pump, a Rheodyne 7125 injec-
tor (20 lL loop), a Jasco MD 2010-Plus UV/VIS
photodiode-array detector and Chrom Pass chromato-
graphic software. Chiral-AAG column (100 · 4 mm
i.d.) was obtained from ChromTech AB (Norsborg,
Sweden). The mobile phase was 0.01 M phosphate buf-
fer pH 5.3 containing 25% (v/v) acetonitrile, flow rate
was 0.9 mL/min. The elution order, that is, first eluted
(�)-(11S,2 0R)- followed by (+)-(11R,2 0S)-enantiomer
of erythro-MFQ, was taken from Refs. 53 and 54.

5.8. HSA binding test

Chromatographic experiments on HSA-Sepharose gel
were performed as described previously.48 HSA (fatty
acid free, Sigma) in 1% concentration was immobilized
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on CNBr-activated Sepharose 4B (Pharmacia) and
about 6 mL gel was filled into a glass column. Elution
was made by Ringer buffer at room temperature, the
flow rate was 1 mL/min. Ligand samples (5–20 ll of
0.5 mg/mL ethanolic or aqueous stock solutions) were
applied manually. Elution volumes were determined by
UV detection. Control experiments were performed on
a gel containing no HSA. Only TFQ showed some reten-
tion due to non-specific adsorption, which was taken
into consideration.
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