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Organic pesticides modify lipid-lipid and lipid-protein domains
in model membranes. A laser Raman study
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The effect of hexachlorocyclohexane (all isomers) on the thermal transition properties of phospholipid liposomes was
determined by Raman spectroscopy. Raman spectra of liposomes with and without the presence of hexachlorocyclo-
hexanes were recorded in the C-H stretching region which shows three major bands around 2850, 2880 and 2930 cm™'.
Thermal transition properties were estimated from plots of I.gg,/ Lgs, and or Loy, /Lgs, Vs. temperature, where I
represents the intensity of the respective band. OQur data on phospholipid liposomes reveal that 8- and y-hexachlorocy-
clohexanes drastically reduce and broaden the main thermal transitions of phospholipids at toxic level concentrations.
These effects are more pronounced in liposomes containing 18 or more carbon atom long acyl chains. a- and B-isomers
at similar concentrations show a minimum effect on the thermal transition properties of phospholipids. Raman analysis
of phospholipid liposomes containing melittin, interestingly, reveal that the §-isomer unlike the y-isomer strongly alters
the transition properties of boundary lipids. These data suggest that the effect of hexachlorocyclohexanes on the
thermal transition properties of membranes is stereo specific and that the 6-isomer preferably disrupts the lipid-protein
domains. Results are explained on the basis of the dynamic flexibility owing to the equatorial and axial chlorine atoms

of various hexachlorocyclohexane isomers.

Introduction

Many organic pesticides and their relatives are solu-
ble in oils and fats but are poorly soluble in water.
These pesticides would preferably accumulate in mem-
brane lipids and would conceivably modify their organi-
zation as well as membrane fluidity. The change in
membrane fluidity, if it occurs, would alter many cell
membrane properties. For example, (i) the transport of
ions and nutrients is directly related to membrane fluid-
ity [1], and (i) both membrane fluidity and lipid com-
position affect the activities of certain membrane-asso-
ciated enzymes [2] and the function of membrane-recep-
tors [3). The availability of the mobile surface receptors
also depends on the membrane composition and fluid-

Abbreviations: HCCH, hexachlorocyclohexane; DMPC, dimyristoyl-
phosphatidylcholine; DPPC, dipalmitoylphosphatidylcholine; DSPC,
distearoylphosphatidylcholine; DAPC, diarachidoylphosphatidylcho-
line.
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ity. This is significant since the primary toxic mode of
action of pesticides is believed to be related to neurore-
ceptors [4].

Chlorinated pesticides have been shown to alter the
activities of membrane bound enzymes [5-7] as well as
the permeabilities of Ca®* [8] and Na* and K™ ions
[9]. Effects of hexachlorocyclohexane (HCCH) isomers
on various properties of cells are quite frequently studied
[10-16] in their own right and also as models for
stereoisomers of inositol. Parries and Hokin-Neaverson
[12] have suggested that the inhibition of activities of
phosphatidylinositol synthase and other membrane as-
sociated enzymes by y- and d-isomers of HCCH is due
to their insertion into the hydrophobic domains of the
enzymes or into the boundary lipids. These authors
have further reported that the degree of inhibition by
HCCH isomers is in the following order; § > vy > a > 8,
which is the same as their order of membrane saturation
capacity [17]. However, the order of relative toxicity of
these isomers as estimated by the production of super-
oxide anion (O?7) and by the release of calcium in
human polymorphonuclear leukocytes (y > a > 6 > f8),
is unrelated to their membrane unsaturation capacity
[15]. It has been further suggested that the involvement
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of membrane perturbation or altered membrane fluidity
by HCCH isomers is unlikely to account for their
toxicity [15). Studies on other pesticides, DDT [18],
herbicides and several phenylamides [19] have been
shown to broaden and shift the phase transition temper-
ature of phospholipid bilayers. Disruption of membrane
structure by pesticides is implicated in these studies.
However, their site(s) in membranes as well as the
underlying molecular mechanism of action, which may
also depend on the physical or chemical properties of
pesticide molecules, are not well understood.

We used model phospholipid membranes to demon-
strate that §- and y-isomers of HCCH disrupt drasti-
cally the lipid-lipid and lipid-protein phase in contrast
to a- and B-isomers and that the membrane-disrupting
properties of these isomers could be related to their
structural configuration.

Materials and Methods

Materials. Dimyristoylphosphatidylcholine (DMPC),
dipalmitoylphosphatidylcholine (DPPC), distearoyl-
phosphatidylcholine (DSPC), diarachidoylphosphatidyl-
choline (DAPC), HCCH (8- and y-isomers) and melit-
tin were obtained from Sigma Chem. Co. (St. Louis,
MO). a- and B-HCCH were obtained from Aldrich
Chem. Co. (Milwaukee, ML). All chemicals were used
as supplied except melittin which was purified as in Ref.
(201.

Methods. Multibilayer liposomes were prepared as
follows: Phospholipids (10 mg) + pesticides (10-70 pg)
were mixed in chloroform/ methanol (2:1, v/v). The
solvent was removed by nitrogen gas followed by drying
under vacuum for 2 h. The dried samples were hydrated
with water for the lipid-lipid system and with melittin
solution (1 mg/ml in phosphate buffer, pH 7.4 + 10
mM EDTA) for the lipid-protein system. The hydrated
samples were placed in a water bath at temperatures
2-3 C° higher than the respective thermal transitions
of phospholipids for 2 h. Samples were periodically
agitated by vortex. The control liposomes without
pesticides were treated identically.

Raman spectroscopy. Raman spectra were recorded
using a Ramalog 4 spectrometer (Spex Industries, Edi-
son, NJ) modified for Optical Spectrometric Multichan-
nel Analysis (OSMA). We used IRY 700 (visible / blue)
detector head, cooled to —20°C and a ST120 controller
(Princeton Instruments, Trenton, NJ) interfaced to an
IBM compatible AT computer (Zenith). The samples,
sealed in Kimax capillaries (1.2 mm, i.d.) were irradia-
ted by an Ar* ion laser (Spectra Physics model 164)
tuned at 514.5 nm line (power 500 mW). Sample tem-
peratures were controlled by a flow of temperature-reg-
ulated nitrogen gas, by using a Harney-Miller cell. The
temperature in the cell was measured continuously with
a thermistor placed close to the laser beam. Measured

temperatures were 2—-3 C° lower than sample tempera-
ture, according to calibration curves with pure phospho-
lipids and fatty acids. The transition temperatures re-
ported in the paper are those measured by the thermis-
tor. The exposure time per scan varies depending on the
background fluorescence. A minimum of 200 spectra
were stored and averaged. Averaged spectra were plotted
by a Hewlett Packard plotter (model Color Pro).

Results

C-H stretching and thermal transition

Representative C-H stretching spectra of DPPC with
and without the presence of HCCH isomers (8 and v)
are shown in Fig. 1 This region shows bands at 2850,
2880 and 2930 cm !, assigned to symmetric, asymmet-
ric C-H stretching vibrations in CH, and symmetric
vibrations in CH, groups, respectively [21]. The varia-
tion in the intensity of the 2880 cm™! feature has been
attributed to Fermi resonance [22]. The intensity of the
2850 cm ™! band remains relatively unaltered and has
been used as an internal standard. The other phospho-
lipids used also show similar Raman features in this
region. We analyzed the effect of pesticides on the
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Fig. 1. Raman spectra of DPPC liposomes + /— hexachlorocyclo-

hexanes in the C-H stretching region recorded at room temperature.

A, DPPC; B, DPPC+ §-hexachlorocyclohexane (1:0.04, w/w); C,

DPPC + y-hexachlorocyclohexane (1:0.04, w/w). Spectra recording

conditions: excitation line 514.5 nm; power 500 mW; entrance slit 400
pm; exposure time 0.33 s /scan; total scans 100.



interchain interactions and on the thermal transition
properties of lipid and lipid-protein domains from
Lygeo/Trgso Vs. temperature plots [21], where I is the
intensity of respective bands.

Thermal transitions of phospholipids in the presence of
HCCHs

(A) DMPC. The main transition of DMPC occurs at
23°C. In the presence of 8-HCCH (1:0.002, w/w;
DMPC: 8-HCCH), the main transition although re-
mains cooperative but shifts to 20°C (Fig. 2A). y-
HCCH (1:0.002, w/w; DMPC: y-HCCH) broadens
(transition width 6 C°) and shifts the main transition to
14° C (Fig. 3A).

(B) DPPC. DPPC liposomes yield a main transition
near 41°C. Liposomes containing §-HCCH (1:0.002,
w/w; DPPC : -HCCH) show a broad transition around
35°C (midpoint) (Fig. 2B). At this concentration, the
broadening of the transition of DMPC by 8-HCCH is
less. The transition of DPPC, in the presence of
yHCCH, exhibits the width of approx. 6 C° and shifts
to 37°C (midpoint (Fig. 3B).

In the presence of a- and SB-HCCH (1:0.02, w/w;
lipid/a-HCCH), the main transition of DPPC almost
remains cooperative and unaltered. However, at 1-times
higher weight ratio, the transition is still cooperative but
shifts to 37°C. The ratio I,54,/1545¢ continuously in-
creases at temperatures from 36°C to 20°C (data not
shown).

(C) DSPC. DSPC yields a cooperative transition at
50°C. 8-HCCH drastically alters the transition proper-
ties of DSPC liposomes. At weight ratio of 1:0.002
(DSPC/8-HCCH), the transition is considerably broad
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Fig. 2. Variation of the ratio [/yge0/l2ss0) Of phospholipids+ 8-

hexachlorocyclohexane (1:0.002, w/w) liposomes as a function of

temperature. A, DMPC; B, DPPC; C, DSPC; D, DAPC. Recording

conditions were the same as in Fig. 1. The maximum error in each

data point is +0.05 on average. Transition curves of control phospho-

lipids are shown without symbols. Curves are drawn by Sigma-Plot
(Jandel Scientific).
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Fig. 3. Variation of the ratio [I,g40/Iss0] of phospholipids+ v-

hexachlorocyclohexane (1:0.002, w/w) liposomes as a function tem-

perature. A, DMPC; B, DPPC; C, DSPC; D, DAPC. Recording

conditions were the same as in Fig. 1. Curves are drawn by Sigma-Plot

(Jandel Scientific). The maximum error in each data point is +0.05
on average.

and shift to about 40°C (midpoint) (Fig. 2C). In the
presence of y-HCCH, the main transition of DSPC
shifts to 38° C (midpoint) and exhibits a width of 3 C°
(Fig. 3C).

(D) DAPC. The main transition of DAPC at 63°C
drastically broaden and shifts to 45° C in the presence
of delta-HCCH (1:0.002; w/w; DAPC : -HCCH) (Fig.
2D). The effect of y-HCCH on the thermal transition of
DAPC is shown in Fig. 3D. The main transition shifts
to 41° C and the width is about 2-3 C°. However, the
ratio I,ge,/ 1,550 Tises continuously at temperatures be-
low 41°C.

(E) DPPC + melittin. The phospholipid-melittin lipo-
somes have been used as a model for lipid—protein
interaction [20,23]. Transition properties of the lipid-
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Fig. 4. Variation of the ratio [/ygg0//2350] of DPPC+ melittin + / —

v- and 8-hexachlorocyclohexane (1:0.1:0.002, w/w) liposomes as a

function of temperature. DPPC + melittin: DPPC + melittin + y-

hexachlorocyclohexane; DPPC + melittin + §-hexachlorocyclohexane.

Recording conditions were the same as in Fig. 1. Curves are drawn by

Sigma-Plot (Jandel Scientific). The maximum error in each data point
is £0.05 on average.
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melittin phase have been established [20,23] and this
simple system appears suitable to study the effects of
HCCHs as a model for the lipid-protein phase. Fig. 4
shows the temperature profiles of DPPC + melittin
+ /— 8- and y-HCCH (1:0.1:0.002, w/w/w; DPPC/
melittin/ HCCH). The transition of DPPC-melittin
complex is broad (width approx. 8 C°) and occurs
around 32°C (midpoint). The ratio I,g0/15gs5 dif-
ference between above and below thermal transition is
about 0.15 (average value). In the presence of y-HCCH,
the transition is more cooperative and shifts to 30°C
(midpoint). The ratio difference between gel and
liquid-crystalline state is about 0.10. Interestingly, 8-
HCCH affects more drastically the amplitude of the
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DPPC-melittin transition. The ratio I,gg,/lrgso de-
creases from about 1.17 to about 0.88, a difference of
0.29, which is about 3-times higher than that shown by
y-HCCH. The thermal transition is cooperative (width
about 2°C) and centers near 32°C.

Raman spectra of HCCH isomers

Raman spectra of a-, 8-, y-, and 8-isomers (solid
powder) in the 400 to 1600 cm™! region are shown in
Fig. 5. The band positions are marked in the figure.
B-HCCH has all six chlorine atoms in the equatorial
position [24] and shows two very strong bands at 848
and 742 cm™!, which are tentatively assigned to ring
‘breathing’ and C-Cl stretching (equatorial) vibrations,
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Fig. 5. Raman spectra of the isomers of hexachlorocyclohexane (powder) in the 400-1600 cm ™
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respectively [25]. The spectrum of 8-HCCH, which has
one axial and five equatorial chlorine atoms [24], is
quite different when compared to the spectrum of §-
HCCH. The strong band at 855 cm™! could be the ring
‘breathing’ vibration while the two medium strong bands
at 753 and 684 cm™! could be tentatively assigned to
C-C1 stretching of equatorial and axial states, respec-
tively. y-HCCH which has equal numbers of equatorial
and axial (three of each) chlorine atoms [24], shows a
similar banding pattern but their intensity and positions
vary. The strong band occurs at 776 cm™! and the
position is closer to the position of the tentatively
assigned C-Cl stretching of equatorial chlorine atoms.
Upon comparing the positions of the tentatively as-
signed bands for equatorial chlorine atoms in the four
isomers, it seems that as the number of chlorine atoms
in the equatorial positions decreases (8> 8 > a > v) the
C-Cl stretching vibration shifts towards higher frequen-
cies. Interestingly, the intensity of the ring ‘breathing’
vibration of y-HCCH at 846 cm™! is relatively very
weak.

Discussion

C-H stretching features are used to probe the inter-
chain interactions and thermotropic properties of lipid
and lipid-protein domains in the presence of organic
pesticides. This region sensitively reflects vibrational
interactions between membrane lipid acyl chains, as
well as perturbations of lateral effects. The spectral
analysis of this region has been used to define the
configurational states of lipid-lipid and lipid-protein/
polypeptide domains as a function of temperature (ther-
mal transitions) and other perturbants [21}. Lipids can
occur in gel (ordered) or in liquid-crystalline (dis-
ordered) phases. The temperature at which these states
are in equilibrium is known as transition temperature
(T,). The analysis of the thermal transition properties is
a sensitive parameter for biologically more relevant
perturbations [26]. We have evaluated the thermal tran-
sition properties of phospholipids and phospholipid-
melittin (models for lipid-lipid and lipid-protein do-
mains, respectively) liposomes with and without the
presence of HCCHs.

8~ and y-HCCHs decrease and broaden the main
thermal transition of phospholipids and these effects are
more prominent for DSPC and DAPC liposomes. The
transitions of DMPC, DPPC, DSPC and DAPC are
shifted by 3, 6, 10 and 18 C°, respectively, in the
presence of -HCCH (1:0.002, w/w; lipid /6-HCCH).
The effect of y-HCCH on the transitions of phospho-
lipids is somewhat more pronounced in comparison to
the 6-HCCH. y-HCCH shifts the transitions of DMPC,
DPPC, DSPC and DAPC by about 9, 5, 12 and 22 C°,
respectively. These data suggest that both 8- and y-
HCCH accumulate in acyl chains and influence the
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interchain interactions as well as the order-—disorder
thermal transitions.

HCCH isomers do not have a planer structure [24].
These isomers are stable in the ‘chair’ configuration
[26], and their insertion would create space between acyl
chains which in turn would reduce interchain interac-
tions and would influence the thermal transition proper-
ties of lipids. Our thermal transition data show that
v-HCCH maximally reduces the transition temperatures
of phospholipids. This effect could be related to the
equatorial and axial positions of chlorine atoms in the
v-HCCH molecule. Probably these positions of chlorine
atoms make this isomer dynamically more flexible which
may allow more of these molecules to partition into the
acyl chains.

The a-, B-, y-, and 8-HCCH molecules, respectively,
possess four equatorial and two axial, all six equatorial,
three equatorial and three axial and five equatorial and
one axial chlorine atoms in the cyclohexane ring. The
most stable and preferred position with a minimum
interference with other atoms on the ring, is an equa-
torial one [27]. According to this model 8-HCCH should
be the most stable or dynamically the most ‘rigid’
molecule followed by the 8-, - and y-isomer. 8-HCCH
yield a single C-Cl stretching band since their average
environments are identical. This is not true in other
isomers and they show multiple bands for C-Cl stretch-
ing.

The equatorial / axial hypothesis can also explain the
order of toxicity (y > a > 8 > f8) as reported by Kuhns
et al. [15] and could also be accounted for the lesser
solubility of B-HCCH in DPPC liposomes [17). How-
ever, the equatorial / axial hypothesis does not satisfac-
torily explain the higher solubility of §-HCCH in DPPC
liposomes [17]. Examination of Raman spectra of
HCCH isomers (Fig. 5) could provide some of the
answers to these questions. Both 8- and y-HCCH show
C-Cl stretching bands at 684 and 683 cm ™', respectively
(tentatively assigned to axial positions) and show com-
parable effects on the thermal transition properties of
phospholipids. In contrast, a-HCCH although has two
axial Cl atoms, does not show C-Cl stretching band
around these positions. Importantly, a-HCCH has also
shown a lesser membrane perturbing effect. This may
have some relationship with the observed effects of
HCCH isomers on thermal transitions but extensive
studies are needed to correlate the states of axial/
equatorial groups with the HCCH-induced membrane
disorganization effect.

Biological membranes are heterogeneous systems and
contain several symmetric and asymmetric lipid-lipid
and lipid-protein domains. HCCH molecules, due to
their stereochemical structure, could unequally distrib-
ute among these domains. This has been indicated by
the influence of these isomers on the thermal transition
properties of DPPC-melittin liposomes. Our data show
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that 8-HCCH unlike the y-HCCH isomer drastically
alters the Jl,g4/1555, ratio when liposomes are cycled
through the DPPC-melittin transition temperature. In-
terestingly, 8-HCCH drastically lowers the I,gg,/Ihgso
ratio which may indicate that this isomer further flui-
dizes the lipids and influences the lipid-melittin associa-
tion. Considering the effect of §-HCCH on the transi-
tions of DPPC and the DPPC-melittin liposomes, these
events are possible if -HCCH (i) preferably partition
into the DPPC associated with melittin (boundary lipids)
and /or (ii) occupies the hydrophobic site/s of melittin.
The possibility (i1) could modify the structure or inser-
tion of melittin in liposomes which in turn could alter
the transition properties of lipids. In case §-HCCH
directly interacts with melittin then one would expect a
change in the secondary structure of melittin. However,
this possibility is difficult to verify in membranes since
the secondary structure of melittin in model liposomes
has been shown to be modified by its interaction with
lipids {28]. If the organization of acyl chains change
upon the insertion of -HCCH then this would lead to
changes in the lipid-peptide association and possibly to
changes in the secondary structure of melittin. In any
event both (i) and (ii) possibilities would modify the
lipid—-protein interaction. At present our data cannot
distinguish between (i) and (ii). However, our quantita-
tive analysis of the secondary structure of melittin in
liposomes containing 8- and y-HCCH by curve fitting
analysis of the amide I bands [29] indicates that §-
HCCH may bind with melittin (will be published
elsewhere).

The observation that yv-HCCH is comparatively less
sensitive to modify the transition properties of melittin-
influenced lipids could not be accounted due to the
difference in the axial and equatorial positions of chlo-
rine atoms in these isomers. y-HCCH is relatively more
flexible and this molecular property would allow this
isomer to partition more into the hydrophobic sites of
lipids and melittin.

In conclusion, our Raman transition data on phos-
pholipid liposomes show that chlorinated organic
pesticides affected the organization of lipids and lipid-
protein domains. y-HCCH is more disruptive to the
lipid-lipid domains while 6-HCCH is found to be rela-
tively most disruptive to the lipid-protein domains.
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