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Primaquine (PQ) is a potent therapeutic agent used in the treatment of malaria and its mechanism of action
still lacks a more detailed understanding at a molecular level. In this context, we used differential scanning
calorimetry (DSC), pressure perturbation calorimetry (PPC), and electron spin resonance (ESR) to investigate
the effects of PQ on the lipid phase transition, acyl chain dynamics, and on volumetric properties of lipid
model membranes. DSC thermograms revealed that PQ stabilizes the fluid phase of the lipid model
membranes and interacts mainly with the lipid headgroups. This result was revealed by the great effect on
the pretransition of phosphatidylcholines and the destabilization of the inverted hexagonal phase of a
phosphatidylethanolamine bilayer. Spin probes located at different positions along the lipid chain were used
to monitor different membrane regions. ESR results indicated that PQ is effective in changing the acyl chain
ordering and dynamics of the whole chain of dimyristoylphosphatidylcholine (DMPC) phospholipid in the
rippled gel phase. The combined ESR and PPC results revealed that the slight DMPC volume changes at the
main phase transition induced by the presence of PQ is probably due to a less dense lipid gel phase. At
physiological pH, the cationic amphiphilic PQ strongly interacts with the lipid headgroup region of the
bilayers, causing considerable disorganization in the hydrophobic core. These results shed light on the
molecular mechanism of primaquine-lipid interaction, which may be useful in the understanding of the
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complex mechanism of action and/or the adverse effects of this antimalarial drug.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Malaria is one of the most common diseases in the tropical and
subtropical world, being responsible for ca. one million deaths each
year. At the end of 2006, over 200 million new malaria cases were
reported among an estimated 3.3 billion people living in areas at risk
[1]. Primaquine (PQ), an 8-aminoquinoline, has been playing a central
role in malaria treatment especially because of its large spectrum of
activities against all four species of plasmodia that are pathogenic to
human being: Plasmodium falciparum, P. vivax, P. malariae, and P. ovale
[2]. This drug is also an important prophylactic agent because it is the
only compound currently available that prevents the relapsing
malaria [3], and has also been used as gametocidal and sporonticidal
agents [4]. Despite its clinical importance, the utility of this drug has
been limited by its side effects such as gastrointestinal disturbances,
methaemoglobinaemia and hemolytic anemia, particularly in patients
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with inborn erythrocytic glucose-6-phosphate dehydrogenase defi-
ciency [5].

The mechanism of action of primaquine has not been completely
understood so far, although it is believed that its antimalarial activity
is probably attributable to interference with the parasite's DNA
structure and the disruption of parasite mitochondrial membranes
[6]. Another potential mechanism of action is through the oxidative
stress [7] inside the erythrocytes caused by the generation of reactive
oxygen species that suppress the cellular defenses and attack cell
macromolecules [8]. However, there is no conclusive information
showing whether the overall primaquine antimalarial activity is due
to the direct action of this drug or only mediated by its metabolites
[9,10]. The molecular targets of this drug, whether lipids and/or
proteins, are still unknown. Thus, studies of primaquine-membrane
interaction gain importance in understanding the overall mechanism
of action of this drug.

The growing resistance of parasites to the traditional antimalarial
drugs has increased the number of studies where the development of
alternative drugs as well as the understanding of the mechanism of
action at a molecular level has taken a paramount role. These
mechanisms usually involve several distinct processes that may
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include binding to specific sites in the tissues and interactions with
biological membranes. In the latter, interaction with membrane
proteins and/or modifications in the lipid structure can happen [11-
14]. It is therefore evident the relevance of investigating drug-
membrane interactions to gain detailed information about the
molecular events taking place during that process. In this view, it is
common to choose an approach in which different experimental
techniques are employed. Among the methods usually used in those
cases, differential scanning calorimetry (DSC), pressure perturbation
calorimetry (PPC), and electron spin resonance (ESR) have given
significant contributions [15-19].

In this work, we investigated the interactions of the antimalarial
drug primaquine with zwitterionic lipid model membranes by means
of DSC, PPC, and ESR experiments. The modifications in the
macroscopic behavior of phospholipids caused by interaction with
PQ and the local changes in the acyl chain structure and dynamics
were assessed by combining these techniques. The significance of the
strong membrane perturbation caused by PQ as an additional
contribution to the PQ mechanism of action is discussed.

2. Materials and methods
2.1. Reagents

The phospholipids 1,2-dimyristoyl-sn-glycero-phosphatidylcho-
line (DMPC), 1,2-dipalmitoyl-sn-glycero-phosphatidylcholine
(DPPC), 1,2-distearoyl-sn-glycero-phosphatidylcholine (DSPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine (POPE)
and the spin labels 1-palmitoyl-2-stearoyl(n-doxyl)-sn-glycero-3-
phosphocholine (n-PCSL, where n=5, 7, 10, 12, 14, and 16) were
purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). The
antimalarial drug primaquine diphosphate (PQ) was purchased
from Sigma Chem. Co. (St. Louis). All reagents were used without
further purification.

2.2. Sample preparation

Phospholipid and spin labels from chloroform stock solutions were
mixed in a glass tube, dried under N, flow to form a lipid film, and
ultracentrifuged under vacuum for 2 h to ensure complete removal of
the solvent. After addition of appropriate buffer, the film was scraped
off the wall, sonicated in a bath type sonicator for 15 min, and
maintained at 22 °C during at least 2 h for hydration. A measured
volume of a drug buffered solution was added to the vesicles, vortexed
for a few minutes, and maintained at 22 °C during at least 5 h prior to
the measurements. For ESR, 0.5 mol% of the spin labels was added to
the chloroform lipid solution.

2.3. Calorimetric measurements

Measurements were carried out in 10 mM phosphate, borate, and
acetate, pH 7.4 with 2 mg/mL of the final lipid concentration.
Differential scanning calorimetry (DSC) experiments were per-
formed in a VP-DSC MicroCal MicroCalorimeter (Microcal, North-
ampton, MA, USA). A heating rate of 30 °C/h was used to sweep the
appropriate temperature range for each of the phospholipids. The
thermograms were recorded only during the heating scans after
20 min of sample equilibration at the starting temperature. Revers-
ibility of all transitions and reproducibility of the thermograms were
observed in repeated heating scans. All experiments were done at
least twice. Buffer subtraction, baseline correction, and integration of
the calorimetric endotherms were performed using Microcal Origin
software.

Pressure perturbation calorimetry (PPC) experiments were carried
out on the same VP-DSC Calorimeter mentioned above equipped with
a pressure perturbation accessory (Microcal, Northampton, MA, USA).

The same samples used for the DSC experiments were used without
reloading for the PPC experiments. The isothermal mode of the
calorimeter was used during the pressure jumps from 5 bar (~73 psi)
excess pressure to ambient pressure or vice versa. Acquisition
conditions: high gain, low noise, and 90s of pulse duration. The
results were analyzed in terms of the relative volume change (AV/V)
of the lipid main phase transition obtained from the area underneath
the thermal expansion coefficient (o) versus temperature curve. The
DMPC specific volume used for data evaluation was 0.978 mL/g [20].
Basic thermodynamic theory of the PPC experiments and how the avy
curve was obtained are described elsewhere [20].

2.4. Electron spin resonance (ESR)

For ESR experiments, the samples were transferred to glass
capillaries (1.5 mm I.D.) and centrifuged for 20 min. The capillaries
were set into a quartz tube containing a mineral oil bath to help
stabilize the sample temperature. ESR measurements were carried out
in 50 mM Tris/HCl, 150 mM NacCl, 5 mM CaCl,, pH 7.4 with 10 mg/mL
of the final lipid concentration. The amount of phospholipid and drugs
used provided a 5:1 DMPC:PQ molar ratio. The temperature was
controlled using an E257-X Varian temperature control unit coupled
to an X-band E109 Varian spectrometer, and its uncertainty was about
0.2 °C. Acquisition conditions: field modulation frequency, 100 kHz;
field modulation amplitude, 0.5 G; sweep width, 100 G; microwave
power, 15 mW.

2.5. Non-linear least-squares ESR simulations

Non-linear least-squares simulations were performed using the NLSL
software package developed by Freed and co-workers [21-23], which
calculates an ESR spectrum by solving the stochastic Liouville equation.
The parameters involved in the simulations were: hyperfine (Axx Ayy,
and A,,) and g-tensor (gxx, 8yy, and g,,) components, orienting potential
coefficients (c0, C22, and c4p), rotational diffusion rates (R,,R,,), and an
anisotropic Lorentzian linewidth. It is worth mentioning that not all
parameters are varied during the fitting procedure.

The dynamics of the spin label molecule is described through rates of
rotational diffusion of the nitroxide moiety around axes parallel (R/))
and perpendicular (R, ) to the mean symmetry axis of the molecule.
For n-PCSL chain labels, these rotational diffusion rates consist of
approximations to trans-gauche isomerizations, represented by R/,
values, and the wagging motion of the long axis of the carbon chain,
represented by R, values [24]. It is well known that R/, values for spin
labels in membranes are larger than R, values. Thus, due to the
insensitivity of ESR spectra to variations in R, values, in the
simulation process reported here, the ratio R,,/R, was kept fixed at

10 and the parameter R = (R// R )" was varied instead [25,26].

Lipid and spin probe molecules in membrane bilayers sense a
restoring potential that restricts the amplitude of the rotational
motion. This potential also produces an orientational distribution of
molecules with respect to the local ordering axis of the membrane
bilayer. The parameters related to the membrane orienting potential
used in the fitting process were Cyp, C» and 4o, the first three
coefficients of the potential expansion in generalized spherical
harmonics series [21]. Besides this microscopic molecular ordering,
lipid bilayer fragments can overall be distributed randomly. In this
particular case, the final theoretical spectrum is regarded as a
superposition of the spectra from all those fragments. This micro-
scopic order with macroscopic disorder (MOMD) model was
introduced by Meirovitch et al. [27].

Seed values for the magnetic parameters were obtained from Earle
et al. [28]. The strategy of the simulation was the following: for each
spin label in pure DMPC vesicles, the magnetic parameters were
initially kept fixed and the orienting potential coefficients and



L.G.M. Basso et al. / Biochimica et Biophysica Acta 1808 (2011) 55-64 57

dynamic parameters were varied. This was done until the best
theoretical spectrum was achieved. After that, the magnetic tensor
values were allowed to be slightly varied. However, when these
parameters are varied together, high correlation values between them
can come up. To avoid that least-squares minimization of those
parameters were carried out separately. The simulation parameters
obtained from the control sample (DMPC/n-PCSL vesicles) spectra
were used as starting values for the fits of PQ-containing samples. In
these samples and for the whole temperature range used, the
magnetic parameters were always kept fixed. Consequently, spectral
changes obtained with the incorporation of PQ should reflect changes
of the ordering potential coefficients and dynamic parameters. Finally,
in order to avoid local minima, different sets of seed values for R, and
C20, C22 and cyg coefficients were restarted in the simulation process.

3. Results
3.1. Calorimetric results

To investigate the interaction of primaquine with zwitterionic lipid
bilayers, the thermotropic phase behavior of DMPC vesicles in the
presence and absence of the drug was determined. Fig. 1 shows the
DSC thermograms of multillamelar DMPC and DMPC/PQ mixtures at
different molar ratios. In excess water, DMPC exhibited two
calorimetric peaks upon heating: a broad and less energetic
pretransition centered at Tp = 13.8 °C and a sharp and more enthalpic
main transition centered at Ty;=23.8 °C [29]. The pretransition is
characterized by the conversion of the lamellar tilted gel phase, L, to
the lamellar rippled gel phase, Pg,, whereas main phase transition
corresponds to the conversion of Py, to the liquid-crystalline phase, Ly
[29].

Incorporation of different concentrations of PQ affects the
thermotropic behavior of DMPC vesicles in three remarkable ways:
(1) decreasing the enthalpy of the pretransition endothermic peak
(inset in Fig. 1), (2) a notable linear decrease of both Tp and Ty, and
(3) a broadening of the main phase transition. The calorimetric
parameters were summarized in Table 1S of the Supplementary
material. Taken together, these results indicate that PQ destabilizes
the rippled gel phase of DMPC liposomes. At high PQ concentration
(33 mol%), the pretransition of the DMPC bilayers was completely
abolished.
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Fig. 1. Temperature dependence of the molar heat capacity of DMPC and DMPC/PQ
vesicles at different DMPC/PQ molar ratios. The lipid main phase transition temperature
decreases with increasing concentration of PQ. Inset: Representative thermograms
illustrating the effects of the antimalarial drug on the pretransition of DMPC vesicles.
Both Tp and pretransition enthalpy decrease with increasing PQ concentration.

PPC experiments allow the determination of the thermal expan-
sion coefficient (o) as function of temperature as well as the relative
volume changes (AV/V) accompanying lipid melting. From the
measured heat changes for both compression and decompression
experiments (Fig. 5S, Supplementary material) and the fits of the
controls (buffer-buffer, buffer-water, and water-water), the tem-
perature dependence of oy for DMPC and DMPC/PQ mixtures was
determined and yielded identical curves for both samples in the
region far away from the phase transition (inset in Fig. 5S). From the
area under the aw(T) curve, a AV/V of 1.8% was obtained for pure
DMPC and this value is a little lower than that reported (~3.0%) in the
literature [20]. Despite the discrepancy, the absolute values were
reproducible for repeated experiments and trends could thus be
obtained regarding the PQ-induced DMPC volume changes. Incorpo-
ration of PQ into DMPC bilayers caused a reduction of AV/V to ~1.5%
and seems to be PQ concentration-independent (Table 1S).

DSC was also used to monitor the perturbation of PQ on the
membrane properties of other phospholipids. To do so we chose a
phospholipid/PQ molar ratio that showed significant changes in the
DMPC/PQ experiments (Fig. 1). Fig. 2 shows the effects of 20 mol% of
PQ on excess heat capacities (Cp) of DPPC, DSPC and POPE. In all cases
PQ decreases Ty, thus destabilizing the rippled gel phase. It was
observed that the addition of PQ does not strongly affect the
calorimetric enthalpy change of the observed main phase transition
for all phospholipids (Table 2S, Supplementary material). Further-
more, the perturbation caused by PQ on phosphatidylcholine (PC)
calorimetric parameters for both transitions was reduced by increas-
ing the number of methylene groups on the lipid acyl chain (Table 2S).

The cooperative behavior observed in the lipid phase transitions
has been explained as the coexistence of clusters of lipids with
properties that are characteristic of the specific phases [30,31]. This
means that the lipids do not melt independently of each other but
rather transition as a cooperative domain. The width at half height
(AT 2) of the main phase transition peak is a calorimetric parameter
whose value is inversely proportional to the size of this cooperative
unit. Broadening of the main transition peak by the presence of PQ
(Figs. 1 and 2; Tables 1S and 2S) indicates a destabilization of the
phospholipid assemblies, suggesting an intercalation of this drug
within the lipid bilayer. This fact could be related to a reduction of the
average number of lipid molecules which undergo the transition as a
cooperative unit. A similar effect was observed when the anesthetic
procaine was added to DMPC bilayers [32].
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Fig. 2. Temperature dependence of the molar heat capacity of POPE, DPPC and DSPC
without and with addition of 20 mol% of PQ. Both DPPC and DSPC pretransitions are
affected by PQ. Inset: Thermogram representing the effect of 20 mol% of PQ on the
liquid-crystalline to inverted hexagonal phase transition temperature of POPE lipids.
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In order to monitor the effects of PQ on membrane curvature, the
phase transition temperature (Ty) of the L, to the inverted hexagonal
(Hy) phase transition of POPE vesicles was studied [33]. DSC
experiments on POPE vesicles (inset in Fig. 2) showed that the L, to
Hy phase transition is characterized by a transition enthalpy of
470 cal/mol and Ty =75.5 °C (Table 2S).

It is well known that Ty is markedly sensitive to the presence of
foreign molecules [34]. An additive that stabilizes the typical negative
(concave) curvature of the Hy; phase will favor this phase by lowering
Ty. Conversely, promotion of a positive membrane curvature
stabilizes the L, phase by increasing Ty. Addition of 20 mol% of PQ
increased Ty to 78.1 °C and reduced the transition enthalpy to 370 cal/
mol. This finding implies that PQ promotes positive membrane
curvature strain and stabilizes the fluid phase of POPE vesicles.

3.2. ESR and NLSL simulations

To further investigate the effects, observed in our DSC experi-
ments, caused by PQ on the lipid membrane properties, we performed
a detailed ESR study using one of the DMPC/PQ molar ratios that
showed significant changes (Fig. 1). The use of ESR and spectral
simulation routines allowed us to gain information about local
alterations in the lipid dynamic structure. To achieve this goal, we
first discuss our ESR results obtained at 20 °C and then move on to
analyze the temperature dependence of a set of spectra.

3.2.1. Rippled gel phase (20 °C)

Since PQ caused a destabilization of the DMPC rippled gel phase
(Fig. 1), changes in local structure and dynamics of the lipid acyl
chains after incorporation of this drug were investigated by means of
spin labeling ESR technique. A complete study was made by using
phospholipid derivatives, where the label is located at different
positions along the acyl chain, thus monitoring the hydrophobic
region of the bilayers. Fig. 3 shows the n-PCSL (n=5, 7,10, 12, and 14)
ESR spectra and the best fits obtained from NLSL simulations in the

20°C DMPC/PQ
5-PCSL
\//\/.-
| \/ﬁ/— 7-PCSL
, ' ; "CSL%/V//:

DMPC

12-PCSL

14-PCSL

50%

50%

Fig. 3. n-PCSL (n=35, 7, 10, 12, and 14) ESR spectra at 20 °C in DMPC vesicles in the
absence (left) and in the presence (right) of PQ. Dotted lines represent the best
theoretical fits obtained from NLSL simulations. In pure DMPC vesicles, 14-PCSL yielded
two-component ESR spectrum. The two dashed lines in 14-PCSL ESR spectra represent
the maximum hyperfine splitting of the ‘rigid’ component. The populations of both
components are also presented. Total width: 100 G.

absence and in the presence of 20 mol% of PQ. Spectra were acquired
at 20 °C, i.e., in the DMPC rippled gel phase.

Considerable changes can be seen in the ESR spectra of all spin
probes upon incorporation of PQ. The order parameter (Sg) and the
perpendicular rotational diffusion rate (R, ) obtained from non-linear
least-squares simulations are presented in Fig. 4 (see also Table 3S,
Supplementary material). The changes, in general, reflect a more fluid
environment of the spin probes in DMPC vesicles in the presence of
PQ. For pure DMPC vesicles, a decrease of Sp (from 0.58 for 5-PCSL
down to 0.22 for 16-PCSL) and an increase of R, (from 0.35x10% s~ !
for 5-PCSL up to 0.76x 108 s~ for 16-PCSL) of the spin labels along
the DMPC acyl chains towards the bilayer center were observed
[35,36]. Spectral fittings showed that the effect of PQ on the dynamics
(R,) and ordering (Sp) of the lipid chains extends along the whole
hydrophobic region of the bilayer. After incorporation of PQ, it is
noticed a significant increase in the mobility of the spin labels (from
0.41 to 0.64x108s~! for 7-PCSL, for example) and a remarkable
reduction of the order parameter for all positions (from 0.42 to 0.32
for 10-PCSL, for example) along the lipid chain as monitored by n-
PCSL probes (Fig. 4).

As can be observed in Fig. 3, the n-PCSL probes present single-
component ESR spectra except for 14-PCSL in pure DMPC vesicles. In
this case, the shape of the low field peak is not characteristic of a spin
label residing in only one microenvironment. Therefore, the resultant
spectrum can be interpreted as a superposition of two spectra
corresponding to the presence of spin labels in two structurally
distinct micro-domains. One of the spectral components represents
spin labels in a more fluid environment and the other arises from spin
labels with restricted chain motion. As can be seen in Fig. 4, the fluid
component (approximately half of the total spin population) has the
usual behavior observed along the bilayer acyl chains for both Sg (0.27)
and R, (0.67x10%s™1). On the other hand, the ‘rigid’ component has
the same packing of the region monitored by 12-PCSL (So=0.36), but
the rotational mobility of the spin labels is very restricted
(R, =0.36x10%s~1) comparable to the 5-PCSL rotational motion
(R, =0.35x10%s~1). Upon PQ addition, the two-component ESR
spectrum of 14-PCSLis modified to a one-component spectrum (Fig. 3)
with very low Sy (0.12) and very high R, values (1.01x10%s™ 1) as
compared to the fluid component of 14-PCSL in pure DMPC (Table 3S,
Supplementary material). The strong perturbation promoted by this
drug on the rippled phase of DMPC bilayers is thus clearly seen from
the spectra in Fig. 3 and the behavior of both Sy andR, along the lipid
acyl chains in Fig. 4.

3.2.2. Temperature variation — ESR analysis

The reduction in the DMPC melting temperature and the
destabilization of the rippled phase after incorporation of PQ led us
to monitor, also by ESR, the thermotropic phase behavior of DMPC and
DMPC/PQ vesicles at 5:1 molar ratio. Due to their high resolution to
spectral changes with temperature, phospholipids labeled at the end
of the lipid acyl chains are the most appropriate spin probes in
monitoring lipid phase transitions. Thus, we used 14-PCSL to monitor
the main phase transition and investigate the effect of PQ on the
thermotropic behavior of DMPC liposomes. It is worth mentioning
that we also carefully characterized the dynamic structure of DMPC
vesicles by using other spin labels. Temperature dependence of n-
PCSL (n=5, 10 and 12) ESR spectra were obtained and non-linear
least-squares simulations showed an analogous thermotropic behav-
ior for both Sy and R, parameters as presented by 14-PCSL (Figs. 65—
8S, Supplementary material). Addition of PQ into lipid bilayers
monitored by these other spin labels led to the same overall results
obtained for 14-PCSL. Furthermore, since a two-component feature of
ESR spectra was obtained only for 14-PCSL in the rippled gel phase, we
chose that label for the temperature variation ESR studies.

Before analyzing the interactions of PQ with phospholipids, the
dynamic structure of DMPC bilayers was characterized from non-
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linear least-squares fits of 14-PCSL ESR spectra. Fig. 5 shows the
temperature dependence of 14-PCSL ESR spectra in DMPC vesicles
before and after mixture of PQ molecules. In that figure, it is also
shown the best calculated spectra obtained from NLSL simulations. In
the temperature range 15.0-23.0 °C, i.e. in the DMPC rippled gel
phase, we were unable to obtain a reasonable simulation for DMPC/
14-PCSL using only one component. Hence, a model including two ESR
signals was used to fit 14-PCSL ESR spectra in the DMPC rippled phase.

1 DMPC DMPC/PQ
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=

\
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Fig. 5. Temperature dependence of 14-PCSL ESR spectra in DMPC (left) and DMPC/PQ

(right) vesicles. Dotted lines represent the best theoretical fits obtained from NLSL
simulations. Total width: 100 G.
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"

25.0°C

30.0°C

%

Fig. 6 shows ESR spectra that were best-fit with a two-component
theoretical spectrum. For temperatures below 15.0 °C and above
24 °C, ESR spectra are characteristic of only one component. The
thermotropic behaviors of So and R, for DMPC/14-PCSL vesicles are
presented in Fig. 7, and overall they show the usual trends observed
for mobility and ordering of phospholipid acyl chains upon heating.

At 15.0°C, So value of 0.42 was found for the less mobile
component and this value is comparable to that in the DMPC gel
phase (So=0.41 at 10.0 °C), i.e. the packing of these domains is
analogous to the tilted gel phase. On the other hand, the other
component presents a less packed structure (So=0.33 at 15.0 °C) and
a higher rotational dynamics of the spin labels (R, =0.54x10%s™ 1)
as compared to the less mobile sites (R, =0.29x10%8s~1).

DMPC DMPC/PQ

. 18%

17.0°C

Fig. 6. 14-PCSL ESR spectra in DMPC vesicles in the absence (left) and in the presence
(right) of PQ. Dotted lines represent the best theoretical fits obtained from NLSL. The
arrows indicate the ESR spectrum of spin labels residing in a more ‘rigid’ lipid domain.
The populations of the two components are also shown. At 17.0 °C, 14-PCSL ESR

spectrum in DMPC/PQ vesicles was simulated with only one component. Total width:
100 G.
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Fig. 7. Temperature dependence of the order parameter So and log(R, ) (inset) of 14-PCSL in DMPC and DMPC/PQ vesicles. Parameters for the second component observed in the
rippled gel phase of pure DMPC vesicles are also shown. The R, and Sy uncertainties were estimated in 5% and 2%, respectively.

So and R, values showed abrupt changes in the range 23.0-24.2 °C
which are typical of lipids undergoing a phase transition. The DMPC
transition temperature estimated by ESR spectroscopy was taken as
the middle point of those two temperatures, i.e., 23.6 °C, which is in
very good agreement with our DSC data (Fig. 1 — Ty;=23.8 °C).

Also in Fig. 5 are the ESR spectra of DMPC/PQ/14-PCSL in the
temperature range 7.0-30 °C. For temperatures below 15.0 °C and
above 24.0 °C, no spectral changes were observed after addition of PQ.
However, in the temperature range corresponding to the pure DMPC
rippled phase (from 15.0 °C to 23.0 °C), dramatic changes in 14-PCSL
ESR spectra can be observed. This drug is capable of modifying the
spectral lineshape yielding ESR spectra that reflect a more fluid
environment of the spin probes.

Except for the spectrum obtained at 15.0 °C (Fig. 6), all other spectra
obtained in the temperature range of 15-23 °C after addition of PQ
presented only one component. PQ is able to modify the two-
component feature of the spectrum, evidencing the strong perturbation
caused by this drug on ordering and mobility of the acyl chains.
Nevertheless, at 15.0 °C, it was found that 82% of the total spin
population resides in a fluid domain (Sp=0.20and R, =0.64x 108 s~ 1)
and 18% resides in a more packed microenvironment (Sqo=0.44 and
R, =0.27x10%s™1). This latter domain has the same packing and
rotational mobility of 14-PCSL at 15.0 °C in pure DMPC (Sp =0.42 and
R, =0.29x10% s~ 1). The great difference is related to the alteration of
the fluid-like spin populations (from 57% in pure DMPC to 82% in DMPC/
PQ vesicles), toits local ordering (from 0.33 to 0.20) and to the rotational
dynamics of the acyl chains (from 0.54x10%s~! to 0.64x108s™1).
These results indicate a ‘fluidizing’ effect of PQ on DMPC bilayers. The
second component is probably due to the remaining rippled structure of
the lipid since PQ is not able to completely abolish the DMPC
pretransition at this drug concentration (20 mol%). Fig. 7 summarizes
the notable changes of the DMPC membrane properties with the
temperature and the effects caused after addition of PQ.

4. Discussions
A great variety of molecular events can be involved in the

mechanisms of drug action. Most drugs can strongly bind to specific
sites in biological tissues. Nevertheless the nonspecific association of

drugs with membranes is also an important and fundamental event at
a molecular level. This association may induce modifications on lipid
structure and may modulate protein conformational changes [37,38].
Thus, studies of drug-membrane interactions are pivotal for the
elucidation of the mechanism of action.

The aim of this work was to investigate the interactions of the
antimalarial drug primaquine with phospholipid model membranes.
In order to achieve a detailed analysis, this study was performed using
ESR, DSC and PPC techniques. The combination of these techniques is
a valuable biophysical approach to assess the local changes in the lipid
matrix and modifications on the macroscopic behavior of the
phospholipids caused by the presence of small molecules such as
drugs, peptides and hormones.

4.1. Effects of PQ on phospholipid membrane properties

DSC studies showed that the pretransition of phosphatidylcholine
(PC) bilayers was strongly affected by the presence of PQ (Fig. 1). It
has been suggested that the pretransition peak observed for pure PC
liposomes in DSC experiments is due to structural changes in the
lamellar lattice [39]. Ladbrooke and Chapman [40] also suggested that
this transition is due to the rotation of the polar headgroups of the
phospholipid molecules. Furthermore, headgroup hydration plays an
important role in the rippled phase formation [41,42]. Hence, the
pretransition is strongly influenced by the presence of foreign
molecules on the bilayer surface [43,44]. The reduction of both
pretransition temperature and enthalpy (Table 1S) with increasing PQ
concentrations until the complete pretransition disappearance (at
high molar concentration — 33 mol%) is a suggestion of a direct
interaction of primaquine with the PC headgroup.

Usually the cooperativity of the phase transition and the lipid
melting temperature are strongly affected by the presence of other
molecules in the lipid matrix. The broadening of the main endother-
mic peak in DSC thermograms and the decrease of the chain-melting
temperature (Fig. 2 and Table 2S) by incorporation of PQ are probably
related to a reduction of the lipid-lipid interactions, yielding an
alteration of the lipid chain packing. These results are consistent with
the intercalation of PQ into the lipid structure. However, no changes in
the associated calorimetric enthalpy mean that the interaction seems
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to take place at the bilayer surface without deeply involving the acyl
chains.

Despite the dependence of the DMPC calorimetric parameters on
PQ concentration, the volumetric properties of the lipid bilayers were
not perturbed by increasing the drug concentration (Table 1S). Even
at the highest lipid:drug molar ratio (2:1), the relative lipid volume
changes at the phase transition were very similar to those at the low
PQ concentration. This slight difference in the DMPC volumetric
properties in the presence of PQ (~—0.3%) gives support to the
hypothesis of a more superficial interaction between DMPC and PQ. A
different kind of result was obtained by Okoro and Winter [45] in their
studies of the volumetric properties of DPPC-sterol mixtures. They
found that 5 mol% of cholesterol was able to induce a 0.8% negative
change (from 4.0% to 3.2%) on AV/V for DPPC and these changes
followed essentially a linear behavior as a function of sterol
concentration. Additionally, the authors found comparable saturation
behaviors for AV/V and the order parameter (Sy) in DPPC/stigmasterol
mixtures as function of sterol concentration [46]. As indicated by our
ESR experiments, primaquine does not cause any change on
membrane packing (Sp) and on rotational dynamics (R.) of the
DMPC acyl chains at temperatures above Ty, (fluid phase; see Fig 7).
Hence, the combined ESR and PPC results suggest that the 0.3%
negative volume changes of DMPC bilayers at the melting transition in
the presence of PQ are probably due to a less dense lipid gel phase.

It is well known that PE phospholipids have strong tendencies to
form Hy; phases. It is believed that this phase plays significant role in
membrane fusion and modulates several functions of membrane
proteins [47-49]. Furthermore, it has also been shown that the effects
of additives on membrane curvature play important biological roles in
membrane function [50-52]. The stabilization of POPE L, phase
observed in our experiments (Fig. 2) is a strong evidence for an
induction of positive membrane curvature strain by PQ and this is
consistent with drug binding to the headgroup region of the lipid
molecule. A similar finding has been observed for an analogue of the
magainin antimicrobial peptide [53]. On the contrary, stabilization of
the Hy; phase is related to an increase of the negative curvature strain,
promoted by ligands that insert deeply into the bilayer as observed for
the antioxidant curcumin [54].

From our ESR experiments, nitroxide labels positioned at different
bilayer depths showed that PQ induces a local disorder on the
membrane packing of the DMPC rippled phase (Fig. 4). The increase of
the rotational dynamics (R, ) and the reduction of the order parameter
(So) along the lipid acyl chains in the temperature range
corresponding to the pure DMPC rippled gel phase after addition of
PQ (Fig. 7 and Figs. 6S-8S) could explain the decrease of the melting
temperature and the reduction of the cooperativity of the main phase
transition seen in our DSC results (Fig. 1). These changes can be
related to an increase of the membrane fluidity for temperatures
below Ty and above the pretransition temperature. Such effects on
bilayer ordering caused by introduction of drugs have been explained
by other authors as a fluidizing effect [55,56].

4.2. PQ binds to both gel-like and fluid-like domains

Another interesting result obtained from our ESR experiments was
the two-component feature of 14-PCSL spectra in the rippled gel
phase (Fig. 6). The existence of these two different micro-domains
with distinct organization and dynamics may be due to the
coexistence of ‘gel-like’ and ‘fluid-like’ domains in this phase. This
assumption was proposed by various authors with both experimental
and theoretical evidences [57-60]. Wittebort et al. [61] found that the
carbon-13 nuclear magnetic resonance spectra in the temperature
range corresponding to the DMPC rippled phase were a superposition
of typical Ls- and L, spectra, thus exhibiting properties of both phases.
Furthermore, Riske et al. [62] noted the existence of a second
component on 16-PCSL ESR spectra in the temperature range

corresponding to the rippled gel phase for DPPG and DPPC model
membranes. Using a statistical model, which took into account
competing interactions between nearest and next-nearest lipid
neighbors, the authors suggested that the lipid pretransition is the
beginning of the whole acyl chain-melting transition, as proposed
before by Heimburg [63]. Both papers support the idea that the
pretransition is part of the full acyl chain-melting process.

As for the effects of PQ on the two-component feature of 14-PCSL
spectra in pure DMPC, it was found that this drug dramatically
modifies the dynamic and structural properties of the region
monitored by this spin probe, leading to an almost complete
suppression of the ‘rigid’ component (Fig. 6). The structural and
dynamic parameters obtained for 14-PCSL in DMPC/PQ vesicles
exhibit a more mobile and less packed lipid environment compared
to the ‘fluid’ component of the pure lipid (Fig. 7). This is consistent
with an increase in the fluidity of the rippled gel phase of the DMPC
bilayers as discussed previously.

Our ESR results have also shown a change of the spin populations
of both micro-domains after addition of PQ (Fig. 6), pointing out to a
change in the equilibrium constant of the gel-like and fluid-like
phases. In order to explain these findings we analyzed the effects of
PQ binding to DMPC bilayers through the DSC data by using a quite
simple binding model derived in details in Section 1S of the
Supplementary material. This model allows for different drug
affinities to both gel (K¢) and fluid (K¢) domains. With this model, a
binding constant ratio (Kr/K¢) of 1.6+ 0.4 between the fluid and gel
membrane domains was determined. This result shows that PQ binds
more effectively to the fluid domains. The absolute values of the
binding constants (K}), however, were only assessed by fluorescence
experiments (Section 2S of the Supplementary material). PQ binding
constants of 160420 M~ " and 110+20 M~ ' to DMPC liposomes at
30 °C (fluid phase) and 20 °C (rippled gel phase), respectively, were
determined. A little higher value g240 +20M~!) was obtained
spectrophotometrically by Perussi et al. [64] for PQ binding to micelles
of the zwitterionic N-hexadecyl-N,N-dimethyl-3-ammonio-1-propa-
nesulfonate surfactants at pH 7.0. This difference is probably related to
the denser lipid packing in the DMPC bilayer as compared to the
micellar system. The same type of behavior was observed for the
vasodilator and antitumor drug coactivator dipyridamole binding to
DMPC and DPPC phospholipid vesicles and lysophosphatidylcholine
micelles [65]. Additionally, a binding constant of 270440 M™! for PQ
to DMPC/cholesterol (90:10 molar ratio) unilamellar vesicles at 37 °C
was also obtained spectrophotometrically [66]. Since the lipid packing
of unilamellar and multilamellar liposomes are different, this
parameter should have a great contribution to the observed
discrepancy. Considering that, at 30 °C, DMPC is in the fluid phase
so that the K, measured by fluorescence reflects binding to the fluid
domains (Kr) and using the K}, value at 20 °C as a weighted estimate of
Kg, a ratio of 1.540.5 of the binding constants determined by
fluorescence is quite similar to the Kr/K value obtained from our DSC
data analysis. From the values of the binding constants, the partition
coefficients at both temperatures were calculated (Section 2S):
P(20°C) = 160+ 30 and P(30°C) = 240 £ 30. These values are in
the same order of magnitude than those of the uncharged forms of
several local anesthetics (procaine, 228, lidocaine, 223, mepivocaine,
245, and prilocaine, 305) in egg phosphatidylcholine bilayers at 22 °C
[67]. However, there is a quite important difference: at physiological
pH, monoprotonated species of PQ are the predominant form, since
the pKa values of its protonated groups in an aqueous solvent are 4.1
for the quinoline ring nitrogen and 11.2 for the primary amine [68].
Thus, since the partition coefficients of charged drugs into zwitter-
ionic membranes are lower than those of the uncharged species [69]
probably due to electrostatic interactions with the phospholipid
headgroups [70], our results gain importance inasmuch as the
monoprotonated PQ partitions well in DMPC bilayers compared to
various uncharged local anesthetics.
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4.3. Insights on drug location

To gain insight on the exact PQ location into DMPC bilayers, we
performed ESR experiments with the headgroup spin label dipalmi-
toylphosphatidyl-tempocholine (DPPTC). Representative ESR spectra
in the absence and in the presence of PQ are presented in Fig. 3S and
the temperature dependence of an empirical parameter reflecting
ordering and dynamics of that spin probe is presented in Fig. 4S. The
spectra showed that PQ binds to the DMPC headgroups in the whole
temperature range studied (from 8 °C to 35 °C) and increases the
headgroup packing and/or decreases the rotational diffusion rate of
the spin probe. Additionally, a second and more ordered component
was observed in DPPTC ESR spectra for temperatures below 18 °C,
indicating a direct PQ adsorption in the DMPC headgroup (Section 3S).
These results suggest that the dynamic structure of the PC headgroup
region was strongly affected by the presence of PQ.

Taken together, our findings suggest an interaction of the
zwitterionic headgroup region of the lipids with the positively
charged PQ. Probably electrostatic interaction between the negatively
phosphate group of the lipid polar region and the charged nitrogen of
the drug takes place. Moreover, hydrophobic interactions can also
play an important role by localizing the PQ quinoline ring into the
DMPC hydrocarbon core. In this sense, primaquine might act as a
spacer in the lipid structure with consequent perturbation of the acyl
chain organization. This could lead to a weakening of van der Waals
attractions among DMPC hydrocarbon chains and hence, increase the
fluidity of the liposomes as indicated by our ESR measurements.
However, this strong perturbation promoted by PQ is most likely due
to a nonspecific interaction with phospholipids, which is supported by
a previous work on the binding of this and another antimalarial drug,
chloroquine, to micelles of surfactants with different charges of the
headgroups [64]. Further detailed studies to exactly determine drug
location and to gain more insights on the nature of the PQ-
phospholipid headgroup interactions are needed.

4.4. Relevance of the results and correlation with other studies

Interaction of cationic amphiphilic drugs like primaquine with
human erythrocytes was shown to alter the topological phospholipid
asymmetry distribution of the two halves of the bilayer [71,72].
Asymmetries with respect to the charge of the lipid headgroups and to
the degree of unsaturation of the acyl chains in the inner and outer
leaflets of human erythrocyte membranes are well known [73,74].
The outer monolayer predominantly contains neutral and saturated
phospholipids and thus presents a more packed structure. Since about
75% of the total PC is present in the outer layer, the results obtained in
this work gain importance, and may be relevant from a physiological
point of view. Furthermore, the choice of PC and PE as model
membranes is appropriate because both lipids are the major classes of
phospholipids present in the infected erythrocyte plasma membrane
(about 40% of the total lipid composition for PC and 25% for PE) and
the parasite membrane (about 55% and 27%, respectively) [75].

Primaquine was also shown to induce morphological changes in
membranes of all exoerythrocytic stages of P. fallax [76]. The
formation of cytoplasmatic vacuoles caused by incubation of PQ was
identified as swollen parasite mitochondria. In addition, Ginn and co-
workers [77] reported that the primaquine-induced hemolysis in
normal red cells in vitro was probably related to the reduction in the
surface area of the cell membrane. This morphologic change caused
membrane invaginations which led to the internalization of the
plasmalemma. Also, using a cell-free assay that mimics glycoprotein
transport through the Golgi apparatus, Hiebsch et al. [78] found that
PQ selectively inhibits the formation of functional transport vesicles.
The authors suggested that the incorporation of PQ into the luminal
leaflet of Golgi membranes may affect the vesicle budding and/or
pinching off of the buds to form transport vesicles. Changes in PC

headgroup ordering (Section 3S) and PE membrane curvature (Fig. 2)
induced by PQ may contribute to vesiculation and erythrocyte shape
changes and thus PQ could also be regarded as a curvature-inducing
additive [79-81].

Phospholipid-drug interactions may also play an important role as
an alternative additional route in the mechanism of drug action. Due
to the high-affinity binding to phospholipids, Chevli and Fitch [82]
proposed that mefloquine, an 4-aminoquinole antimalarial drug, may
have a second mode of action involving strong association with
membranes in addition to its interaction with ferriprotoporphyrin IX,
a hemoglobin degradation product. Like mefloquine, the antimalarial
activity of other structurally related arylmethanol agents such as
quinine and halofanthrine has also been associated with strong
interactions with phospholipid membranes [83-85]. Secondly, mem-
brane phospholipid composition has been shown to play crucial role
in drug sensitivity among quinoline-containing drugs [86]. Both cases,
nonspecific membrane interactions and dependence on membrane
composition, are supported by our results that point to these two
features as part of a more general mechanism of drug action.

5. Conclusions

Our results indicate that the effects of primaquine on zwitterionic
lipid membrane properties may be due to interactions of the charged
form of this molecule with the polar region of the lipids. The drug may
act as a spacer intercalating in the phospholipid headgroups, from
where it perturbs the ordering and the rotational dynamics of the acyl
chains, making the bilayer more fluid in the temperature range
corresponding to the rippled gel phase of the PC phospholipids. In
addition, PC headgroup increased ordering and PE positive membrane
curvature changes were induced by PQ.

These findings can be of particular importance because the local
disorder in the basic structure of the lipids promoted by primaquine
might influence the function of one or more proteins which are
embedded into the lipid environment and/or may start a biological
signal, mediating another cellular event. Thus, despite the wide
spread of biological effects promoted by PQ [87], the exact
understanding of its mechanism of action is still unknown. Our
results indicate that the nonspecific interaction of primaquine with
biological membranes may play an important role and may represent
an additional route in the overall mode of action of this drug and/or
could be involved in its adverse effects. However, further detailed
studies with distinct model membranes are needed to elucidate the
complete mechanism of interactions of PQ with phospholipids and
their relevance to drug action.

To the best of our knowledge this is the first detailed report
concerning the effects of primaquine on the dynamic structure of
phospholipid model membranes at a molecular level. Our results can
provide a useful rationale for the elucidation of the complex
mechanisms involved in the interaction of this and other nitrogen
heterocyclic compounds with biomembranes, and thus help in
understanding the more general way of action of antimalarial drugs
at a molecular level.

Acknowledgements

The authors acknowledge the Brazilian agencies FAPESP (Grant
nos. 2008/57910-0 and 2002/13090-3), CNPq (Grant no. 573607/
2008-7 — INBEQMeDI), and CAPES for financially supporting this
work. AJCF thanks CNPq for a Research Fellowship (307102/2006-8)
and LGMB thanks FAPESP for a scholarship (06/58479-6).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
doi:10.1016/j.bbamem.2010.08.009.


http://dx.doi.org/10.1016/j.bbamem.2010.08.009

L.G.M. Basso et al. / Biochimica et Biophysica Acta 1808 (2011) 55-64 63

References

(1]
(2]

[3

[4

[5

6

[7

8

9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]
[19]
[20]
[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]

WHO, World Malaria Report, World Health Organization, Geneva, 2008.

L. Povinelli, B.C. Fox, M.E. Parise, T.A. Monson, ].M. Morrisey, A.B. Vaidya, Plasmodium
vivax malaria in spite of atovaquone/proguanil (Malarone) prophylaxis, J. Travel
Med. 10 (2003) 353-355.

D.F. Clyde, Clinical problems associated with the use of primaquine as a tissue
schizontocidal and gametocytocidal drug, Bull. World Health Organ. 59 (1981)
391-395.

R.E. Coleman, A.M. Clavin, W.K. Milhous, Gametocytocidal and sporontocidal
activity of antimalarials against Plasmodium berghei ANKA in ICR mice and
Anopheles stephensi mosquitoes, Am. J. Trop. Med. Hyg. 46 (1992) 169-182.

E. Beutler, The genetics of glucose-6-phosphate dehydrogenase deficiency, Semin.
Hematol. 27 (1990) 137-164.

J.K. Baird, KH. Rieckmann, Can primaquine therapy for vivax malaria be
improved? Trends Parasitol. 19 (2003) 115-120.

G. Cohen, P. Hochstein, Generation of hydrogen peroxide in erythrocytes by
hemolytic agents, Biochemistry 3 (1964) 895-900.

Z.S. Bowman, ].D. Morrow, DJ. Jollow, D.C. McMillan, Primaquine-induced
hemolytic anemia: role of membrane lipid peroxidation and cytoskeletal protein
alterations in the hemotoxicity of 5-hydroxyprimaquine, J. Pharmacol. Exp. Ther.
314 (2005) 838-845.

LJ.C. Bolchoz, A K. Gelasco, DJ. Jollow, D.C. McMillan, Primaquine-induced hemolytic
anemia: formation of free radicals in rat erythrocytes exposed to 6-methoxy-8-
hydroxylaminoquinoline, ]. Pharmacol. Exp. Ther. 303 (2002) 1121-1129.

J. Vasquez-Vivar, O. Augusto, Hydroxylated metabolites of the antimalarial drug
primaquine. Oxidation and redox cycling, J. Biol. Chem. 267 (1992) 6848-6854.
M. Luxnat, HJ. Galla, Partition of chlorpromazine into lipid bilayer membranes:
the effect of membrane structure and composition, Biochim. Biophys. Acta 856
(1986) 274-282.

E.K. Rooney, A.G. Lee, Binding of hydrophobic drugs to lipid bilayers and to the
(Ca®* +Mg?*)-ATPase, Biochim. Biophys. Acta 732 (1983) 428-440.

K. Nicolay, B. Dekruijff, Effects of adriamycin on respiratory chain activities in
mitochondria from rat liver, rat heart and bovine heart. Evidence for a preferential
inhibition of complex III and 1V, Biochim. Biophys. Acta 892 (1987) 320-330.

R. Kumar, O. Holian, B. Cook, P. Roshani, Inhibition of rat brain protein kinase C by
lipid soluble psychotropics, Neurochem. Res. 22 (1997) 1-10.

R. Krivanek, L. Okoro, R. Winter, Effect of cholesterol and ergosterol on the
compressibility and volume fluctuations of phospholipid-sterol bilayers in the
critical point region: a molecular acoustic and calorimetric study, Biophys. J. 94
(2008) 3538-3548.

LY. Lim, M.L. Go, The antimalarial agent halofantrine perturbs phosphatidylcholine
and phosphatidylethanolamine bilayers: a differential scanning calorimetric study,
Chem. Pharm. Bull. 47 (1999) 732-737.

S.G. Couto, M.C. Nonato, AJ. Costa-Filho, Defects in vesicle core induced by
Escherichia coli dihydroorotate dehydrogenase, Biophys. ]. 94 (2008) 1746-1753.
Y.K. Shin, C. Levinthal, F. Levinthal, W.L. Hubbel, Colicin E1 binding to membranes:
time-resolved studies of spin-labeled mutants, Science 259 (1993) 960-963.
P.P. Borbat, AJ. Costa-Filho, K.A. Earle, J.K. Moscicki, J.H. Freed, Electron spin
resonance in studies of membranes and proteins, Science 291 (2001) 266-269.
H. Heerklotz, ]. Seelig, Application of pressure perturbation calorimetry to lipid
bilayers, Biophys. J. 82 (2002) 1445-1452.

J.H. Freed, Theory of slow tumbling ESR spectra for nitroxides, Academic Press,
New York, 1976.

D.J. Schneider, J.H. Freed, Calculating slow motional magnetic resonance spectra: a
user's guide, Plenum Publishing, New York, 1989.

D.E. Budil, S. Lee, S. Saxena, ].H. Freed, Nonlinear-least-squares analysis of slow-
motion EPR spectra in one and two dimensions using a modified Levenberg-
Marquardt algorithm, ]. Magn. Reson. A 120 (1996) 155-189.

A. Ferrarini, P.L. Nordio, G.J. Moro, R.H. Crepeau, J.H. Freed, A theoretical model of
phospholipid dynamics in membranes, ]. Chem. Phys. 91 (1989) 5707-5721.
AP.S. Citadini, A.P.A. Pinto, A.P.U. Araujo, O.R. Nascimento, A.J. Costa-Filho, EPR studies
of chlorocatechol 1, 2-dioxygenase: Evidences of iron reduction during catalysis and
of the binding of amphipatic molecules, Biophys. J. 88 (2005) 3502-3508.

L. Kar, E. Neyigner, J.H. Freed, Electron spin resonance and electron-spin-echo
study of oriented multilayers of L-a-dipalmitoylphosphatidylcholine water
systems, Biophys. J. 48 (1985) 569-595.

E. Meirovitch, A. Nayeem, J.H. Freed, Analysis of protein-lipid interactions based
on model simulations of electron spin resonance spectra, J. Phys. Chem. 88 (1984)
3454-3465.

K.A. Earle, J.K. Moscicki, M.T. Ge, D.E. Budil, J.H. Freed, 250-GHz electron spin
resonance studies of polarity gradients along the aliphatic chains in phospholipid
membranes, Biophys. J. 66 (1994) 1213-1221.

D. Marsh, CRC Press, Boca Raton, Handbook of Lipid Bilayers, 1990.

D. Marsh, A. Watts, P.F. Knowles, Cooperativity of the phase transition in single-
and multibilayer lipid vesicles, Biochim. Biophys. Acta 465 (1977) 500-514.

M.L Kanehisa, T.Y. Tsong, Cluster model of lipid phase transitions with application
to passive permeation of molecules and structure relaxations in lipid bilayers, J.
Am. Chem. Soc. 100 (1978) 424-432.

T.Y. Tsong, M. Greenberg, M.I. Kanehisa, Anesthetic action on membrane lipids,
Biochemistry 16 (1977) 3115-3121.

S.M. Gruner, Stability of lyotropic phases with curved interfaces, J. Phys. Chem. 93
(1989) 7562-7570.

RM. Epand, R. Bottega, Modulation of the phase transition behavior of phosphati-
dylethanolamine by cholesterol and oxysterols, Biochemistry 26 (1987) 1820-1825.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]
[50]

[51]

[52]

[53]

[54]

[55]
[56]
[57]
[58]
[59]
[60]

[61]

[62]

[63]

[64]

[65]

M. Lafleur, B. Fine, E. Sternin, P.R. Cullis, M. Bloom, Smoothed orientational order
profile of lipid bilayers by ?H-nuclear magnetic resonance, Biophys. J. 56 (1989)
1037-1041.

LS. Vermeer, B.L. de Groot, V. Reat, A. Milon, ]. Czaplicki, Acyl chain order
parameter profiles in phospholipid bilayers: computation from molecular
dynamics simulations and comparison with 2H NMR experiments, Eur. Biophys.
J. 36 (2007) 919-931.

R.M. Epand, D.S. Lester, The role of membrane biophysical properties in the
regulation of protein kinase C activity, Trends Pharmacol. Sci. 11 (1990) 317-320.
P. Hildebrandt, T. Heimburg, D. Marsh, Quantitative conformational analysis of
cytochrome C bound to phospholipid vesicles studied by resonance Raman
spectroscopy, Eur. Biophys. J. 18 (1990) 193-201.

M.J. Janiak, D.M. Small, G.G. Shipley, Nature of the thermal pretransition of
synthetic phospholipids: dimyristolyl- and dipalmitoyllecithin, Biochemistry 15
(1976) 4575-4580.

B.D. Ladbrooke, D. Chapman, Thermal analysis of lipids, proteins and biological
membranes. A review and summary of some recent studies, Chem. Phys. Lipids 3
(1969) 304-356.

G. Cevc, Polymorphism of the bilayer membranes in the ordered phase and the
molecular origin of the lipid pretransition and rippled lamellae, Biochim. Biophys.
Acta 1062 (1991) 59-69.

J-M. Carlson, J.P. Sethna, Theory of the ripple phase in hydrated phospholipid
bilayers, Phys. Rev. A 36 (1987) 3359-3374.

K. Gardikis, S. Hatziantoniou, K. Viras, M. Wagner, C. Demetzos, A DSC and Raman
spectroscopy study on the effect of PAMAM dendrimer on DPPC model lipid
membranes, Int. J. Pharm. 318 (2006) 118-123.

EJ. Prenner, RN.AH. Lewis, LH. Kondejewski, R.S. Hodges, R.N. McElhaney,
Differential scanning calorimetric study of the effect of the antimicrobial peptide
gramicidin S on the thermotropic phase behavior of phosphatidylcholine,
phosphatidylethanolamine and phosphatidylglycerol lipid bilayer membranes,
Biochim. Biophys. Acta Biomembr. 1417 (1999) 211-223.

L. Okoro, R. Winter, Pressure perturbation calorimetric studies on phospholipid-
sterol mixtures, Z. Naturforsch. B 63b (2008) 769-778.

C. Bernsdorff, R. Winter, Differential properties of the sterols cholesterol,
ergosterol, B-sitosterol, trans-7-dehydrocholesterol, stigmasterol and lanosterol
on DPPC bilayer order, J. Phys. Chem. B 107 (2003) 10658-10664.

D.P. Siegel, R.M. Epand, Effect of influenza hemagglutinin fusion peptide on
lamellar/inverted phase transitions in dipalmitoleoylphosphatidylethanola-
mine: implications for membrane fusion mechanisms, Biochim. Biophys. Acta
Biomembr. 1468 (2000) 87-98.

W.R. Perkins, R.B. Dause, R.A. Parente, S.R. Minchey, K.C. Neuman, S.M. Gruner, T.F.
Taraschi, A.S. Janoff, Role of lipid polymorphism in pulmonary surfactant, Science
273 (1996) 330-332.

B. deKruijff, Biomembranes — lipids beyond the bilayer, Nature 386 (1997) 129-130.
S.M. Gruner, Intrinsic curvature hypothesis for biomembrane lipid composition: a
role for nonbilayer lipids, Proc. Natl. Acad. Sci. U.S.A. 82 (1985) 3665-3669.

J.R. Giorgione, R. Kraayenhof, RM. Epand, Interfacial membrane properties
modulate protein kinase C activation: role of the position of acyl chain
unsaturation, Biochemistry 37 (1998) 10956-10960.

S.M.A. Davies, RM. Epand, R. Kraayenhof, R.B. Cornell, Regulation of CTP:
phosphocholine cytidylyltransferase activity by the physical properties of lipid
membranes: an important role for stored curvature strain energy, Biochemistry
40 (2001) 10522-10531.

KJ. Hallock, D.K. Lee, A. Ramamoorthy, MSI-78, an analogue of the magainin
antimicrobial peptides, disrupts lipid bilayer structure via positive curvature
strain, Biophys. J. 84 (2003) 3052-3060.

J. Barry, M. Fritz, ].R. Brender, P.E.S. Smith, D.K. Lee, A. Ramamoorthy, Determining
the effects of lipophilic drugs on membrane structure by solid-state NMR
spectroscopy: the case of the antioxidant curcumin, J. Am. Chem. Soc. 131 (2009)
4490-4498.

A.G. Lee, Lipid phase transitions and phase diagrams II. Mixtures involving lipids,
Biochim. Biophys. Acta 472 (1977) 285-344.

0.G. Mouritsen, M. Bloom, Mattress model of lipid-protein interactions in
membranes, Biophys. J. 46 (1984) 141-153.

K. Sengupta, V.A. Raghunathan, J. Katsaras, Structure of the ripple phase of
phospholipid multibilayers, Phys. Rev. E 68 (2003) 1-12.

M.P. Hentschel, F. Rustichelli, Structure of the ripple phase Py in hydrated
phosphatidylcholine multimembranes, Phys. Rev. Lett. 66 (1991) 903-906.

A.H. deVries, S. Yefimov, A.E. Mark, S.J. Marrink, Molecular structure of the lecithin
ripple phase, Proc. Natl. Acad. Sci. U.S.A. 102 (2005) 5392-5396.

D. Marsh, Molecular motion in phospholipid bilayers in the gel phase: Long axis
rotation, Biochemistry 19 (1980) 1632-1637.

RJ. Wittebort, A. Blume, T.H. Huang, S.K. DasGupta, R.G. Griffin, Carbon-13 nuclear
magnetic resonance investigations of phase transitions and phase equilibria in
pure and mixed phospholipid bilayers, Biochemistry 21 (1982) 3487-3502.

K.A. Riske, R.P. Barroso, C.C. Vequi-Suplicy, R. Germano, V.B. Henriques, M.T. Lamy,
Lipid bilayer pre-transition as the beginning of the melting process, Biochim.
Biophys. Acta Biomembr. 1788 (2009) 954-963.

T. Heimburg, A model for the lipid pretransition: coupling of ripple formation with
the chain-melting transition, Biophys. J. 78 (2000) 1154-1165.

J.R. Perussi, V.E. Yushmanov, S.C. Monte, H. Imasato, M. Tabak, Interaction of
primaquine and chloroquine with ionic micelles as studied by 'H NMR and
electronic absorption spectroscopy, Physiol. Chem. Phys. Med. NMR 27 (1995)
1-15.

P.M. Nassar, LE. Almeida, M. Tabak, Binding of dipyridamole to phospholipid
vesicles: a fluorescence study, Biochim. Biophys. Acta 1328 (1997) 140-150.



64

(66]

[67]

(68]

[69]

[70]

[71]

(72]

(73]

L.G.M. Basso et al. / Biochimica et Biophysica Acta 1808 (2011) 55-64

S.A. Barghouthi, Thermodynamic studies of antimalarial drugs and their
interaction with myoglobin, hemoglobin and phospholipid model membranes,
J. Appl. Sci. 5 (2005) 540-545.

E. de Paula, S. Schreier, Use of a novel method for determination of partition
coefficients to compare the effect of local anesthetics on membrane structure,
Biochim. Biophys. Acta 1240 (1995) 25-33.

C.D. Hufford, ].D. McChesney, ].K. Baker, Assignments of dissociation constants of
primaquine by '*C-NMR spectroscopy, J. Heterocycl. Chem. 20 (1983) 273-275.

H. Satake, T. Kageyama, H. Matsuki, S. Kaneshina, Membrane-buffer partition
coefficients of a local anesthetic tetracaine monitored by an anesthetic sensor;
effects of temperature and pH, Toxicol. Lett. 100-101 (1998) 441-445.

C.P.F. Borges, LE. Borissevitch, M. Tabak, Charge- and pH-dependent binding sites of
dipyridamole in ionic micelles: a fluorescence study, J. Luminesc. 65 (1995) 105-112.
A. Tamura, N. Moriwaki, T. Fujii, Disturbing effect of cationic amphiphilic drugs on
phospholipid asymmetry of the membrane lipid bilayer of human erythrocytes,
Chem. Pharm. Bull. 31 (1983) 1692-1697.

L. McEvoy, P. Williamson, RA. Schlegel, Membrane phospholipid asymmetry as a
determinant of erythrocyte recognition by macrophages, Proc. Natl. Acad. Sci. US.A.
83(1986) 3311-3315.

J.AF. OpdenKamp, Lipid asymmetry in membranes, Annu. Rev. Biochem. 48
(1979) 47-71.

[74] JH. Williams, M. Kuchmak, RF. Witter, Fatty acids in phospholipids isolated from

[75]

[76]

[77]

human red cells, Lipids 1 (1966) 391-398.

LL. Hsiao, RJ. Howard, M. Aikawa, T.F. Taraschi, Modification of host cell
membrane lipid composition by the intra-erythrocytic human malaria parasite
Plasmodium falciparum, Biochem. J. 274 (1991) 121-132.

RL. Beaudoin, M. Aikawa, Primaquine-induced changes in morphology of
exoerythrocytic stages of malaria, Science 160 (1968) 1233-1234.

F.L. Ginn, P. Hochstein, B.F. Trump, Membrane alterations in hemolysis: internali-
zation of plasmalemma induced by primaquine, Science 164 (1969) 843-845.

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

R.R. Hiebsch, TJ. Raub, B.W. Wattenberg, Primaquine blocks transport by
inhibiting the formation of functional transport vesicles, J. Biol. Chem. 266
(1991) 20323-20328.

H. Hagerstrand, T.H. Holmstrom, M. Bobrowsca-Hagerstrand, J.E. Eriksson, B. Isomaa,
Amphiphile-induced phosphatidylserine exposure in human erythrocytes, Mol.
Membr. Biol. 15 (1998) 89-95.

S. Schwarz, C.W. Haest, B. Deuticke, Extensive electroporation abolishes
experimentally induced shape transformations of erythrocytes: a consequence
of phospholipid symmetrization? Biochim. Biophys. Acta 1421 (1999) 361-379.
H. Hagerstrand, V. Kralj-Iglic, M. Fosnaric, M. Bobrowsca-Hagerstrand, A. Wrobel, L.
Mrowczynska, T. Soderstrom, A. Iglic, Endovesicle formation and membrane
perturbation induced by polyoxyethyleneglycolalkylethers in human erythrocytes,
Biochim. Biophys. Acta Biomembr. 1665 (2004) 191-200.

R. Chevli, C.D. Fitch, The antimalarial drug mefloquine binds to membrane
phospholipids, Antimicrob. Agents Chemother. 21 (1982) 581-586.

R. Zidovetzki, LW. Sherman, A. Atiya, H. De Boeck, A nuclear magnetic resonance
study of the interactions of the antimalarials chloroquine, quinacrine, quinine and
mefloquine with dipalmitoylphosphatidylcholine bilayers, Mol. Biochem. Parasitol.
35 (1989) 199-207.

I. Porcar, A. Codofier, C.M. Gomez, C. Abad, A. Campos, Interaction of quinine
with model lipid membranes of different compositions, J. Pharm. Sci. 92 (2003)
45-57.

L.Y.Lim, M.L. Go, A differential scanning calorimetry study of the interaction of the
anti-malarial agent halofanthrine with dipalmitoyl phosphatidyl choline bilayers,
Chem. Pharm. Bull. 43 (1995) 2226-2231.

G. Shalmiev, H. Ginsburg, The susceptibility of the malarial parasite Plasmodium
falciparum to quinoline-containing drugs is correlated to the lipid composition of
the infected erythrocyte membranes, Biochem. Pharmacol. 46 (1993) 365-374.
N. Vale, R. Moreira, P. Gomes, Primaquine revisited six decades after its discovery,
Eur. J. Med. Chem. 44 (2009) 937-953.



	Effects of the antimalarial drug primaquine on the dynamic structure of lipid model membranes
	Introduction
	Materials and methods
	Reagents
	Sample preparation
	Calorimetric measurements
	Electron spin resonance (ESR)
	Non-linear least-squares ESR simulations

	Results
	Calorimetric results
	ESR and NLSL simulations
	Rippled gel phase (20�°�C)
	Temperature variation — ESR analysis


	Discussions
	Effects of PQ on phospholipid membrane properties
	PQ binds to both gel-like and fluid-like domains
	Insights on drug location
	Relevance of the results and correlation with other studies

	Conclusions
	Acknowledgements
	Supplementary data
	References


