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Complex formation between primycin and ergosterol:
entropy–driven initiation of modification of the fungal
plasma membrane structure

Eszter Virág1, Miklós Pesti1 and Sándor Kunsági-Máté2

The interaction of the antibiotic primycin with the main fungal sterol, ergosterol, was investigated in vitro in order to monitor the

effect of primycin on the fungal plasma membrane at the molecular level. The thermodynamic parameters of complex formation

were determined by measuring Rayleigh scattering as a signal sensitive to particle size. The Benesi–Hildebrand method

validated the 1 : 1 stoichiometry of the primycin–ergosterol complexes. A very low enthalpy change (DH¼�1.14 kJ mol�1) was

measured during the complex formation, which itself cannot be responsible for the molecular association. However, the entropy

production (DS¼29.78 J mol K�1) observed during the complex formation can describe the molecular interaction. This effect is

probably due to the partial destruction of the solvation shell of the interacting species before the interlinking of the molecules.

The results highlight the importance of ergosterol as concerns the mode of effect of primycin in the treatment of fungal

infections. As the entropy has a determinant role in the ergosterol–primycin interaction, this interaction exhibits a very high

temperature dependence, with the important consequence that the effect exerted by primycin on the cell membranes increases

with rising temperature, and the effect is therefore pronounced in fevered bodies.
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INTRODUCTION

A knowledge of the point of attack and the mechanism of the action of
an antimicrobial agent is an essential condition in approval processes
and in the development of a drug or of its semi-synthetic variants.
Primycin is a non-polyene macrolide lactone antibiotic complex that is
strongly surface-active, thermostable and absorptive (Figure 1b); how-
ever, its exact mode of action is not yet known so far.1,2 It exhibits a
broad antimicrobial spectrum and has been suggested to be a plasma
membrane-destructive agent. It is effective against human pathogen
gram-positive and gram-negative bacteria, including polyresistant
strains, and some yeasts and filamentous fungi.3,4 For this reason,
clarification of the mechanism of its action is an important challenge
for pharmaceutics. Primycin molecules have an amphiphilic structure
that contain a lactone ring, a sugar component and a guanidine group.2

It has been postulated that the dimeric form of primycin molecules is
able to penetrate and form ion channels in an artificial lipid bilayer.5

The efflux of vital intracellular compounds, such as alkali metal cations,
nucleotides, nucleosides and free bases has been described as a direct
biological effect of primycin. Distortion of the shape of the Candida
albicans cell has been demonstrated to be an indirect biological effect of
the drug.5,6 The in vitro interaction of primycin with one of the main
membrane components, oleic acid, was recently proved.7

The aim of our study was to investigate the interaction of primycin
with ergosterol, the main sterol in the fungal plasma membrane
(Figure 1a). The sterols are a particular class of membrane lipids
with a polycyclic structure. The main sterol in the mammalian plasma
membrane is cholesterol, whereas that in the fungal and protozoon
membranes is ergosterol.8 Ergosterol comprises four fused cycles in
trans configuration, a hydroxy group on C-3, C-7¼C-8 and C-22¼C-
23 double bonds and an isononyl side-chain on C-17. The –OH group
is responsible for the amphiphilic nature of ergosterol and conse-
quently for its orientation in biological membranes.9 The shape of a
membrane lipid depends on the effective area of its polar head group
relative to the dimension of its hydrophobic moiety.10,11 Accordingly
ergosterol has an essential role in yeast physiology, influencing
membrane-associated processes such as stress tolerance or signal
transduction.12

Detection of the ergosterol–primycin interaction in our study was
based on the increase in particle size during complex formation. For
this purpose, the molecular association was followed by means of
Rayleigh scattering (RS). Quantum-chemical studies were applied to
identify the bonds responsible for the ergosterol–primycin interaction.
To characterize the molecular associations, the entropy and enthalpy
changes are discussed in detail.
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RESULTS AND DISCUSSION

Complex-forming ability of primycin
Ergosterol is the main sterol in the fungal plasma membrane. We earlier
demonstrated that the clinical isolate strain 33erg+ (ATCC 44829) of the
most important human pathogenic yeast, C. albicans, contains 71.5%
of this compound in the plasma membrane.13 As the weak fluorescence
of the unsaturated ring in ergosterol can be detected, the increase in
particle size during complex formation was used to determine the weak
molecular interactions. Figure 2 depicts the intensities of RS at 366nm
of mixtures of ergosterol with various concentrations of primycin at the
vital temperature of C. albicans, 303.16K. It is well known that RS
depends on the sixth power of the molecular radius, and it is obvious
that the concentration of scattering particles is halved after complexes
with 1 : 1 stoichiometry are formed. In view of the similar sizes of the
ergosterol and primycin molecules, and assuming that both the
associated and separated molecules are spherical, the RS scattering of
the dissociated (Ir

¢) and associated (Ir
00
) can be formulated as follows:
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where r is the molecular radius and c is the concentration of the
scattering particles. It is clear that the intensity of the RS would be 32
times higher if all of the primycin and ergosterol molecules interacted
to form complexes. However, both the volume and the shape of the
interacting species differ in these two molecules. To refine the above
idea, quantum-chemical calculations were performed to determine the
molecular volumes, and ellipsoids were applied to represent the

scattering particles. For calculation of the molecular volumes, the
electron densities of the molecules were calculated at the DFT/BLYP/
6-311G level, and the QSAR properties were determined by using the
HyperChem 7.5 code (HyperChem, HyperCube, 2007). The molecular
volumes of ergosterol, primycin and their complexes were found to
be 1083 Å3, 1211 Å3 and 2412 Å3, respectively. The shapes of the
representative ellipsoids, described in terms their a/b/c axes, were
determined to be 5.65/6.12/7.5 (ergosterol), 6.12/6.51/7.27 (primycin)
and 9.11/8.41/7.51 (complexes). These results reveal the quasi-spherical
shapes of both the interacting species and the complexes. Considering
the ellipsoidal shapes of the interacted species and that of the
complexes the calculated RS in this case would be 30.8 times higher
if all the particles formed complexes. The reasonably good agreement
with the above spherical approximation validates the RS method for
determination of the association constants. Detailed information on
the calculations is to be found in previous publications.14,15

In accordance with previous studies on RS and weak host–guest
interactions,14–16 the increase observed in the photoluminescence (PL)
signal reflects the increase in concentration of ergosterol–primycin
complexes. To obtain quantitative data on the thermodynamics of the
chemical equilibrium in the system, the equilibrium constant was
determined by the Benesi–Hildebrand method, utilizing the five series
of data associated with the five different concentrations of primycin
(0.002–0.006M) (Figure 3). A detailed description of the method was

Figure 1 Structures of the compounds investigated in this work: ergosterol

(a) and primycin (general structure) (b). The terminal functional groups of

primycin are specified in Table 1.

Figure 2 RS measured at 366 nm for 0.001 M ergosterol in the presence of

different concentrations (0.002–0.005 M) of primycin at 303.16 K.

Figure 3 Benesi–Hildebrand plots of the PL signals of RS observed for the

ergosterol–primycin complexes with 1 : 1 stoichiometry.

Table 1 The functional groups at the terminal positions of primycin

A1 A2 A3 B1 B2 B3 C1 C2 C3

R1 a-D-arabinofuranosyl H H H OH OH OH

R2 butyl pentyl hexyl butyl pentyl hexyl butyl pentyl hexyl

The general structure of primycins has to be seen in Figure 1b.
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provided by Virág et al. (2010). Plots of the reciprocal RS change
against the reciprocal primycin concentration were linear (Figure 3).
The equilibrium constant could therefore be determined by using the
following relationship:

1

I � I0
¼ 1

½e� �
1

½p� �
1

K
+ � 1½e� ð3Þ

where [p] and [e] are the analytical concentrations of primycin and
ergosterol, respectively. I is the intensity of the samples containing
both the reactants and I0 is the intensity of ergosterol in the absence of
primycin. Figure 3 shows the Benesi–Hildebrand plot for the PL RS at
different temperatures.
The van’t Hoff theory was used to determine the enthalpy and

entropy changes associated with complex formation. As in the van’t
Hoff equation, the logarithm of the equilibrium constant was plotted
against the reciprocal temperature (Figure 4):

lnK ¼ �DH
R

� 1
T
+
DS
R

ð4Þ

The enthalpy change can be determined from the slope, and the
entropy change from the intercept of the line fitted to the experi-
mental data. The results are summarized in Table 2.
The results revealed a very low enthalpy change during the forma-

tion of ergosterol–primycin complexes. At the same time, the entropy
change was positive, and complex formation was therefore preferably
based on entropy production. As a kinetic energy of about 4 kJmol�1

can be assumed for the particles at around room temperature from the
equipartition theorem, the enthalpy change itself cannot be respon-
sible for the complex formation. Furthermore, the positive entropy
change reflects the increased disorder of the system after the com-
plexes are formed. This property cannot be associated with the
increased freedom of the interacting species as the flexibility of the
molecular skeleton of both interacting molecules is reduced in the
complex relative to that before the association reaction. During the

interaction of primycin with ergosterol, however, the association
assumes at least partial destruction of the solvation shell a process
that results in an increased number of free solvent molecules. This
effect is similar to the well-known hydrophobic effect in the case of
biological macromolecules, where the interaction is based on the
releasing of water molecules from the surfaces of the interacting
molecules, which are in contact during the interaction (Figure 5).
To investigate the mode of action of primycin in the plasma

membrane, the minimal inhibitory concentrations on an ergosterol-
producing and an ergosterol-deficient mutant of C. albicans were
determined.6 The ergosterol-producing strain proved to be more
sensitive than the mutant, the results support the occurrence of
ergosterol–primycin complex formation in vivo. The interaction of
oleic acid (accounting 35% of the fatty acids in C. albicans) with
primycin was recently proved, based on the formation of molecular
complexes stabilized by one or two H-bonds between the carboxyl
group of oleic acid and one of the –OH groups of primycin.7 The
terminal amidine group of primycin seems to be more reactive, and
hence the ergosterol specificity of primycin has a major opportunity in
the plasma membrane. It should be mentioned that an –OH group
capable of complex formation is also present on other sterol mole-
cules; for example, cholesterol, which could cause the decryptification
effect of primycin on the human erythrocyte membrane.5,17,18

Biological consequence of primycin–ergosterol complex formation
The various membrane phases contain different amounts of ergos-
terol.19 When ergosterol comes into contact with the plasma mem-
brane, it binds the primycin molecules on the membrane surface,
whereas the ergosterol-less phases reach in fatty acids (for example,
oleic acid) interact with the –OH groups of primycin and conse-
quently the drug is localized between the phospholipids. Both forma-
tions caused a decreased flexibility in the plasma membrane, with
different molecular motions. For these reasons primycin rearranges
the membrane phases, leading to alterations in the conformation of
membrane proteins, including channel proteins and proteins having a
role in the signal transduction,20 with the consequence of loss of the
plasma membrane barrier function.6

EXPERIMENTAL PROCEDURE

Chemicals
Primycin (molecular weight¼1127. 25, average mass) was provided by the

manufacturer, PannonPharma Ltd., Pécsvárad, Hungary. All other chemicals

were commercial products of analytical grade from Sigma-Aldrich (St Louis,

MO, USA) The documentation indicated that the content of active agent in the

primycin sample was 865.03Umg�1 (Figure 1b). The primycin was dissolved in

dimethyl sulphoxide (DMSO) at a concentration of 6.4mgml�1, and the stock

solution was stored at 4 1C. A detailed description of the composition of

primycin was reported by Virág et al. (2010). The functional groups at the

terminal positions of primycin can be seen in Table 1. Ergosterol (molecular

weight¼396.66) was dissolved in chloroform and stored in the dark at �20 1C

(Figure 1a). The purity of both species was 495%.Figure 4 Van’t Hoff plot of the equilibrium constants K determined by the

Benesi–Hildebrand method. Thermodynamic parameters were determined

from the slope and the intercept of the fitted line according to equation (4).

Table 2 Thermodynamic parameters calculated by applying the Van’t

Hoff theory to the reaction of the ergosterol–primycin association

DH (kJ mol�1) �1.14±0.22

DS (Jmol K�1) 29.78±0.58

DG (30 1C) (kJ mol�1) �10.17±0.32
Figure 5 A schematic outline of the possible addition reaction and the

formation of a dative bond between primycin (1) and ergosterol (2).
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Sample preparation
The experiments were carried out by means of PL studies and data were

evaluated by the Benesi–Hildebrand method.21 For the measurements, stock

solutions of 0.002M of ergosterol and 0.0024M of primycin were prepared in

chloroform and DMSO, respectively. The stock solutions of ergosterol and

primycin were mixed in five different molar ratios, the concentration of

ergosterol being kept constant at 0.001M, while the concentration of primycin

was varied from 0.002 to 0.005M.

Instruments
The RS spectra were recorded on a Fluorolog t3 spectrofluorometer (Jobin-

Yvon/SPEX, Longjumeau, France). For data collection, the photon-counting

method with an integration time of 0.2 s was used. Excitation and emission

bandwidths were set to 5 nm. Front-face detection was used to eliminate the

inner-filter effect. The spectral region examined was from 200nm to 700 nm.

The measurements were taken at 11 different temperatures (in 2K steps from

289.16 to 311.16K). The average of 10 scans was used for data evaluation with

DataMax 2.20 software (Jobin-Yvon, Longjumeau, France).

CONCLUSIONS

The antibiotic primycin shows considerable interaction with ergos-
terol. The thermodynamic parameters derived from PL studies reveal
weak, but stable complexes at around the vital-temperature of
pathogenic C. albicans, demonstrating that complex formation process
with the most significant fungal membrane component, ergosterol,
and can occur in vivo. Furthermore, the entropy-driven interaction is
pronounced at elevated temperature, highlighting the enhanced effect
of primycin in fevered bodies. This behavior of primycin is of
pharmaceutical significance in the possible application of the drug
in the specific therapy of fungal infections. In order to understand the
exact mode of action of primycin, further investigations are planned
with phospholipids as the main membrane structure components and
with artificial membranes.
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