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Pressure tuning infrared spectroscopic study of cisplatin-induced
structural changes in a phosphatidylserine model membrane*
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Summary The dynamic effect of cis-diamminedichloroplatinum(II) (DPP) and its aquated metabolite (DDP-
OH) on a dimyristoylphosphatidylserine (DMPS) model membrane was investigated by pressure tuning
vibrational spectroscopy. The native species (DDP-CI) and the aquated species (DPP-OH) were both observed
to bind to the carboxylate group of the serine as evidenced by a frequency shift of 1622—1620 cm~'. However,
only DDP-OH was observed to bind to the phosphate group (PO,"). The binding of either drug to DMPS
resulted in an increased pressure required to halt the reorientational fluctuations of the acyl chains, indicating
that the distance between the chains was increased. The two drugs did not partition into the matrix of the
hydrophobic section in the model membrane. Collectively, these data suggest that DDP-Cl and DDP-OH are
capable of binding to the polar head group of DMPS, resulting in an enlargement of the area of the head and
a subsequent increase in the intermolecular distance between the acyl chains.
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The antineoplastic agent, cis-diamminedichloroplatinum(II)
(DDP) is one of the most actively used chemotherapeutic
drugs for the treatment of cancer. However, DDP causes
both nephrotoxicity and a peripheral neuropathy. The neph-
rotoxicity can be alleviated by hydration and the administra-
tion of mannitol, but peripheral neuropathy is now often
dose limiting (Cersosimo, 1989; Daugaard and Abildgaard,
1989). The neuropathy can be crippling and appears to be
related to the cumulative dose of DDP (Borch and Mark-
man, 1989). The mechanism of DDP-induced neurotoxicity is
unknown. DDP has been shown to form different meta-
bolites both in vivo and in vitro (Daley-Yates and McBrien,
1984; Mason et al., 1986a, b; DeWaal et al., 1987; Goel and
Howell, 1989; Mistry et al., 1989). DDP, also termed native
cisplatin, is shown in Figure la. DDP is the species of drug
that is found in clinical formulations and is believed to be
responsible for the antineoplastic behaviour. One of the
metabolites, termed the aquated species (Figure 1b) because
of the replacement of the chloride ions with hydroxo and/or
aqua ligands (Miller and House, 1990), was the most neph-
rotoxic metabolite in mice. Bismethionine cisplatin, with two
methionine ligands (Figure 1c), was observed to be at least as
toxic to central neuroblastoma cells as DDP (Goel and
Howell, 1989). These data suggest that DDP and its
metabolites may be selective for the cell types to which they
are toxic.

The mechanism by which DDP and its metabolites enter
cells is also unknown. It has been generally supposed that
cisplatin enters the cell largely through passive diffusion
(Gately, 1993). However, other authors have reported that
DDP may be actively transported via an amino acid trans-
port system (Gale et al., 1973) which is energy dependent
(Andrews et al.,, 1988) and cAMP mediated (Andrews and
Howell, 1990). Thus, there is evidence that supports both
passive diffusion and active transport as possible mechanisms
of cellular uptake of DDP. Therefore, there is the possibility
of an interaction between DDP (or its metabolites) and the
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macromolecular constituents of the cell membrane that may
result in a cytotoxic response.

Phosphatidylserine (PS) constitutes approximately 11-14%
of the total phospholipids found in olfactory nerves and
synaptic membranes respectively (Chacko et al., 1972; Hitz-
mann et al., 1986). Bergelson et al. (1988) have reported that
quantities of PS are elevated in tumour cells, and Mann et al.
(1988) have implicated this increase of phospholipids in the
resistance of tumour cells to cisplatin chemotherapy. High PS
concentrations have also been found in several preparations
of excitable membranes (Camejo et al., 1969; Chacko et al.,
1976), and data obtained from different tissues suggest that
PS is present in greater proportions in excitable tissues (Rit-
chie and Rogart, 1977) than in non-excitable ones (Lazdunski
et al., 1980). The structure and thermotropic properties of PS
have been shown to be sensitive to the divalent cations, Ca?*
(Hauser et al., 1982; Dluhy et al., 1983; Casal et al., 1987a, b,
¢) and Mg?* (Papahadjopoulos et al., 1977). These studies
have concentrated on the thermotropic behaviour of PS with
divalent cations.
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Figure 1 Molecular structures of (a) cisplatin, (b) aquated cisp-
latin metabolite and (c) bismethionine cisplatin metabolite.



With the addition of high pressure as a variable (pressure-
tuning vibrational spectroscopy), information on lipid struc-
ture and the dynamic interaction with platinum coordinate
species can be obtained using Fourier-transformed infrared
spectroscopy (FTIR). The infrared spectral parameters and
their pressure dependence (particularly the frequencies, wid-
ths, intensities and shapes of the infrared bands) are very
sensitive to the structural and dynamic properties of bio-
molecules, as well as to the functional groups in molecules
(Wong, 1984; Wong and Mantsch, 1985). Therefore, pres-
sure-tuning vibrational spectroscopy is a powerful technique
in the study of biological systems. It provides not only
general but also detailed information on the structural and
dynamic properties of biological systems at the molecular
and functional group level (Wong, 1987).

In this study, we have used FTIR spectroscopy with a
pressure effect to monitor the barotropic behaviour of several
infrared features of a fully hydrated PS bilayer containing
dimyristoylphosphatidylserine  [1,2-dimyristoyl-sn-glycero-3-
phospho-L-serine (DMPS)]. The interaction of the DMPS
model membrane with both the native DDP and aquated
metabolite was then examined.

Materials and methods

Materials

DMPS-Na* was purchased from Avanti Polar Lipids (Birm-
ingham, AL, USA). Crystalline cis-diamminedichloro-
platinum(II) and Platinol were a gift from Bristol-Myers-
Squibb (Evansville, IN, USA) and Cisplatin Injectable was
obtained from Horner Laboratories (Montreal, Canada). All
other chemicals were of analytical grade.

Sample preparation

Native cisplatin was prepared either from the clinical for-
mulation of Platinol or by dissolving Cisplatin Injectable in
saline or D,O/Tris buffer (when observing the phosphate
stretching region) to obtain a 1 mgml~' concentration. An
aliquot of 1 mg of DMPS was dispersed in 1% weight of
D,O/Tris buffer (which contained no chloride ions) or
double-distilled water. Aquated cisplatin was prepared by
dissolving crystalline DDP at a 1 mgml~' concentration in
either D,O (when observing the phosphate stretching region)
or double-distilled water, and then heating the solution for
1 h at 37-40°C. The actual amount of DDP added to 1 mg
of DMPS is 0.23 mg. The final concentration of DDP will
therefore be equal to 230 ug ml~! (mol. wt. of DDP =300 g),
since the final volume of DDP and DMPS solution is 1 ml.
This amount is equal to 1.5pM DMPS (mol. wt. of
DMPS=651.82 g) and 0.76 mM DDP (molar ratio of 1:2 for
DDP/DMPS). The same molar ratio of DDP-OH/DMPS will
result since DDP-OH was prepared from DDP at the above-
mentioned concentration in low-chloride media. All the DDP
should be converted to a mixture of hydroxo and aqua
species after 2h in a low-chloride environment (Miller and
House, 1990). Concentrations in this range were chosen to
meet the limits of infrared spectroscopy. This solution was
then heated for 1 h at 37-40°C. All DMPS/DDP or DMPS/
DDP-OH preparations were heated to 37-40°C for 2h,
vigorously mixed and centrifuged at 12 000 g for 10 min. The
supernatant was aspirated and the resulting pellet was then
stored at 4°C for 72 h. Before FTIR spectroscopy, the DDP-
OH/DMPS and DDP-CI/DMPS/H,0 mixtures were heated
to 37°C for 30 min and vigorously mixed. Small amounts of
the homogeneous dispersions (typically 0.01 mg) were placed
together with powdered a-quartz, in a 0.37 mm-diameter hole
in a 0.23 mm-thick stainless steel gasket mounted on a
diamond anvil cell, as described previously (Wong et al.,
1985).

FTIR spectroscopy

Infrared spectra were measured at 28°C on a Bomem Model
Michelson 110 Fourier-transformed spectrophotometer with
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a liquid nitrogen-cooled mercury cadmium telluride detector.
The infrared beam was condensed by a sodium chloride lens
onto the diamond anvil cell. For each spectrum, 250 scans
were co-added, at a spectral resolution of 4 cm~! (correspon-
ding to a total measuring time of approximately 8 min).
Pressures were determined from the 695cm~! photon band
of a-quartz (Wong et al., 1985). The frequency of this band
was obtained from third-order derivative spectra using a
breakpoint of 0.3 in the Fourier domain and pressures were
calculated according to the related equation. In order to
separate unresolvable infrared band contours, Fourier deriva-
tion techniques (Moffatt et al., 1986) were applied. Frequen-
cies associated with the methylene scissoring and rocking
modes were obtained from third-order derivative spectra
using a breakpoint of 0.95 in the Fourier domain, while those
associated with the carbonyl, carboxylate and phosphate
stretching modes were also obtained from third-order
derivative spectra but using a breakpoint of 0.3, 0.14 and 0.1
respectively in the Fourier domain.

Results

Infrared spectra of DMPS bilayers, DDP-OH/DMPS and
DDP-CI/DMPS mixtures have been measured as a function
of pressure. The application of pressure is used as a tool to
enhance the intermolecular interactions so that additional
structural information of a lipid—drug interaction can be
obtained. There were four regions of interest in the infrared
spectra arising from the work done using these DMPS and
cisplatin systems. The regions were the following: (1)
1227cm™! (antisymmetrical stretching of phosphate); (2)
1621 cm~! (antisymmetrical stretching of the serine carboxy-
late); (3) 2849 cm~! (symmetrical stretching of methylene);
and (4) 1467 cm™' (bending mode of CH, chain).

FTIR of DMPS

The infrared spectra of the DMPS in the region from 1550 to
1800 cm~! show that there are two bands at approximately
1622 and 1737cm™! (Auger et al., 1990). The band at
1622 cm™~! corresponds to the antisymmetric stretching vibra-
tion of the serine carboxylate group (Casal et al., 1987a, b, c)
whereas the symmetric stretching vibrations of the serine
carboxylate occur between 1390 and 1420 cm~'. The band at
1737 cm~! corresponds to the ester carbonyl (C=0) stretch-
ing mode of the lipid acyl chains, which have been shown to
give characteristic bands in the spectral region of 1725-
1745cm™" (Auger et al., 1990). The ester C=0 stretching
band did not show any significant variation in shape and
intensity as a function of pressure. The band corresponding
to serine C=0O stretching also did not show significant varia-
tion in shape and intensity as a function of pressure up to
16 kbar. Auger et al. (1990) have shown that the serine C=0

4.9
4.9

3ﬁ+W‘M°°

P a—
L]
N N
N &
T T

Frequency (cm™)
&
o

L) .-9.%’
IBRew o

1460 I I ! A A A A —
0 2 4 6 8 10 12 14 16

Pressure (kbar)

Figure 2 Pressure dependence of the frequency of the 6CH,
mode for DMPS (@), DMPS + DDP-CI(+) and DMPS + DDP-
OH(O) which have been hydrated in D,O.
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stretching band does not change up to pressures of approx-
imately 25 kbar, suggesting that the structure of the carbox-
ylate group of DMPS in the gel state is not significantly
altered by the application of hydrostatic pressure.

In the region of 1467 cm ~!, the bending mode of CH, is
observed. The barotropic behaviour of the CH, group results
in a correlation field splitting at a pressure above 3.7 kbars
(Figure 2). The pressure-induced correlation field splitting is
a result of the interchain interactions between the lipid hyd-
rocarbon chains (Snyder et al., 1961). The presence of a
single CH, band at atmospheric pressure reflects that under
those conditions of pressure and temperature, the orientation
of the methylene chains is highly disordered owing to
significant reorientational fluctuations and torsion/twisting
motions of the acyl chains. Increasing the pressure leads to a
dampening of these reorientational fluctuations and chain
motions and an increase in interchain interactions which
gives rise to the observed correlation field splitting. The same
correlation field splitting can be seen in the DMPS samples
that were hydrated using D,O and H,O. The pressure at
which the splitting occurs is only slightly higher when H,O
was used as the hydrating reagent.

At a frequency of approximately 1227 cm™! the antisym-
metric stretching of the phosphate group (PO,~) is observed
with DMPS bilayers. A frequency of 1221 cm™~! is associated
with a fully hydrated phosphate group, while a band at
1240-1262 cm™! is observed when the group is dehydrated
(Wong and Mantsch, 1988). Therefore, the phosphate group
of DMPS is almost fully hydrated.

— DMPS
— - DMPS+ DDP-CL
----- DMPS + DDP-OH

Absorbance

1 1 1 ]
1680 1660 1640 1620 1600 1580
Frequency (cm™™")
Figure 3 Plot of infrared spectra of DMPS, DMPS + DDP-CI

and DMPS + DDP-OH in the region of the antisymmetric CO,~
stretching band at atmospheric pressure.

The pH of the samples was approximately 7.0, which was
important in determining the ionisation states of the phos-
phate, serine carboxylate and serine amino groups. Katzman
et al. (1966) have established that the pK, of the serine
carboxylate and amino groups is approximately 3.0 and 8.0
respectively. Therefore, at pH 7.0 both of these groups are
ionised. The presence of a strong band at 1090 cm~! which
corresponds to the stretching of a P-O- group also indicates
that the phosphate group is ionised (Katzmann et al., 1966).

The pH of the solutions was also important in determining
the rate of formation of aquated cisplatin. According to
Miller and House (1990), at pH 7.4 with a low chloride ion
concentration (4 mM) there will be complete hydrolysis of
DDP (), ~2h at 37°C) to give a 50:50 equilibrium mixture
of (chloro)(hydroxo) and (chloro)(aqua) containing com-
pounds. Therefore, in a system devoid of exogenous chloride
ions, there will be a complete loss of chloride ligands and an
equilibrium mixture of di(hydroxo) and (aqua)(hydroxo) con-
taining compounds will result.

The addition of cisplatin to DMPS

When DDP-OH and DDP-Cl were added to the DMPS
bilayers, there was a frequency shift of the antisymmetric
stretching of the serine carboxylate (Figure 3) at atmospheric
pressure. As the pressure was increased, the frequencies of
the serine carboxylate groups from DMPS, DMPS + DDP-
OH and DMPS + DDP-C] changed in a parallel fashion
(Figure 4). The frequencies of this band in both DDP-CI-
and DDP-OH treated-DMPS are about the same in the
pressure range up to 16 kbars. They are more or less
independent of pressure below approximately 8 kbars and
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Figure 5 Diagrammatic representation of the hypothetical binding model of DDP-CI to the carboxylate group of serine. The same
model would represent the binding of DDP-OH to the carboxylate group.
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Figure 6 Pressure dependence of the frequency of the v, (CH,)
mode for DMPS (@), DMPS + DDP-CI (+) and DMPS
+ DDP-OH (O).

increase slightly with increasing pressure above 8 kbars. The
frequency of the symmetrical stretching of the C=0O bond
from the serine carboxylate group was observed to shift from
1320 to 1310 cm™! following the addition of DDP (data not
shown).

It was observed that the frequency of the band correspon-
ding to the carboxylate group decreased in a linear fashion as
a function of pressure. After 3 days of DDP incubation, the
changes in frequency seen with DDP-Cl and DDP-OH were
the same. A 10 day incubation of DMPS with either DDP-
OH or DDP-CI resulted in a maximum shift in band fre-
quency to 1615cm™!. After 5-6 days there was a transition
state observed in both samples with two peaks appearing at
1618 and 1615cm™!.

The pressure at which the correlation field splitting occurs
is significantly increased when DMPS is treated with DDP-
OH or DDP-Cl. When DDP-OH or DDP-CI are added to
DMPS hydrated with D,O, the pressure required to induce
correlation field splitting is increased by 1.1 and 1.0 kbars
respectively (Figure 2). The addition of either drug to DMPS
hydrated with water results in similar correlation field split-
ting pressures.

The frequencies of the symmetrical (o) and antisymmet-
rical (a,) stretching modes of the methyl (CH,) and
methylene (CH;) groups were monitored for changes. In
particular, the o, (CH,) at 2849 cm~' was monitored for any
frequency vs pressure variation. Figure 6 shows the relation-
ship between DMPS and DMPS with either DDP-OH or
DDP-Cl. With either form of cisplatin, there was no
significant variation in the a, (CH,) within the experimental
errors when compared with DMPS alone.

As shown in Figure 7, at atmospheric pressure the band
corresponding to the antisymmetric stretching of PO,
becomes very broad and the centre of gravity of that band is
slightly decreased when DDP-OH is present. The band is also
asymmetrical indicating that there is another band overlapp-
ing on the low frequency side of the main band. The spectra
of the DMPS and DMPS + DDP-CI show that there is only
one main band. The main band in all three systems corres-
ponds to PO,~ hydrogen bonded to water. The overlapping
band in the DMPS + DDP-OH system corresponds to the
stronger hydrogen bonds between PO,~ and the OH groups
of DDP-OH that form by displacing the existing hydrogen-
bound water.

Discussion

The gel (LP’) to liquid-crystalline (L) phase transition
temperature for DMPS is 39°C (Casal et al, 1987b). At
ambient temperature (28°C) and pressure DMPS is in the gel
phase, indicating that all of the pressure-induced effects
observed in our studies were in the DMPS gel phase.
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Figure 7 Plot of the infrared spectra of DMPS, DMPS + DDP-
Cl and DMPS + DDP-OH in the region of the antisymmetrical
stretching mode of PO,~ at atmospheric pressure.

The infrared spectra of both aquated and native cisplatin
were obtained at atmospheric pressure. Both spectra showed
that the infrared bands of cisplatin did not overlap with the
bands associated with DMPS. Therefore, the presence of the
cisplatin does not interfere with the IR spectra containing
DMPS and either metabolite.

A lower frequency observed in the DDP-treated DMPS
samples indicates that both DDP-OH and DDP-CI are
bound to the carboxylate group of serine. This frequency
change of the peak suggested that the DDP/DMPS interac-
tion may involve the binding of the platinum(II) to the C-O-
portion of the carboxylate group. Figure 5 diagrammatically
represents the potential binding kinetics. The binding of
platinum to the C-O- results in a flow of electrons from the
C=0 of the carboxylate group towards the Pt-O-C group.
This causes a decrease in the electron density of the -C=0
bond and results in a weaker -C=0O bond and hence a
decrease in -C=0 stretching frequency of the serine carboxy-
late group. The binding of DDP to the serine carboxylated
group is a time-dependent effect. Data suggest that the bin-
ding of native or aquated cisplatin to the carboxylate group
is sterically hindered initially by other functional groups in
the polar head. However, over a period of 10 days there is a
yielding of these steric hindrances that leads to a decrease in
the distance between cisplatin and the carboxylate group.
The close proximity of cisplatin and the carboxylate group
results in a stronger bond that is reflected in a further
decrease in frequency. Therefore, the binding of cisplatin to
DMPS involves a kinetic process. The interaction of DMPS
with DDP seems to be very slow and difficult (even after
about 2 h exposure), however, cellular uptake of DDP is very
fast and a significant amount of DDP may accumulate in the
cell within a few minutes (Gately and Howell, 1993).
Therefore, we suggest that the priority in DDP uptake which
is quite rapid in vivo, is not through its interaction with
DMPS.

An indication of the orientational disorder of the acyl
chains in hydrated DMPS can be obtained from the pressure
dependencies of the CH, bending band. Correlational field
splitting arises when high pressure immobolises the two hyd-
rocarbon chains approximately perpendicularly to each other
(Wong and Mantsch, 1988). Results indicate that binding of
DDP to DMPS bilayers decreases the orientational ordering
of the DMPS acyl chains, and thus increases the pressure
necessary to stop the acyl chain reorientational fluctuations
and torsion/twisting motions and to induce a correlation field
splitting.

DDP-OH and DDP-CI do not directly interact with the
acyl chains in the hydrophobic portion of the lipid bilayer,
since there was no significant variation in the a; (CH,) within
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the experimental errors when compared with DMPS alone.
Instead, cisplatin acts indirectly to modify the reorientational
fluctuations of the acyl chains.

The addition of DDP-OH but not DDP-Cl to DMPS
affects the stretching mode of the phosphate group (PO,”).
Stronger DDP-OH/PO,~ binding results in a decrease in the
frequency of the PO, stretching mode. Therefore, in the
DMPS + DDP-OH system, PO, will be partially hydrogen-
bonded to both water and DDP-OH.

A hypothetical model of the cisplatin/DMPS interaction
has been developed to explain the results obtained from these
experiments. According to the arrangement of the polar head
group, the carboxylate group is the first to come into contact
with cisplatin. Both the native and aquated species attach to
the carboxylate group through the platinum (II) atom. Owing
to its increased polarity (hydrophilicity), the aquated species
binds tightly to the head group by interacting with the
phosphate group. Conversely, DDP-Cl, which is neutral,
does not interact with the phosphate group, and binding to
the head group is not as great as the aquated species. The
binding of cisplatin to the carboxylate and/or phosphate
groups has the effect of enlarging the polar head, which
causes an increase in the intermolecular distances of the acyl
chains. The increased distance between acyl chains results in
greater disorder and hence greater reorientational fluctua-
tions and torsion/twisting motions. Therefore, the pressure
required to halt the increased chain motions is increased. The
pressures required to stop acyl chain motions were con-
sistently higher with the DDP-OH-treated bilayers. It is pos-
sible that as DDP-OH diffuses into the head and binds to the
phosphate group, the size of the polar head reaches a max-
imum size which is reflected in an increased correlation field
splitting pressure.

When cisplatin is administered as an antineoplastic agent,
cisplatin is maintained in the native conformation by prepar-
ing the drug with 0.9% sodium chloride. The conversion of
native DDP to aquated cisplatin is proposed to occur in the
cytoplasm of cells, presumably because of the low concentra-
tion of chloride ions (LeRoy, 1975). In fact the extracellular
and intracellular concentrations of chloride ion across a
neuronal somal membrane are approximately 107 and
8 mEq 1! respectively. The data reported in this paper would
suggest that neither of the cisplatin metabolites has the
ability to passively diffuse through a phosphatidylserine lipid
bilayer. Instead, the metabolites interact with the polar head
groups and increase the distance betwen acyl chains. We have
also shown that cisplatin could diffuse through a relatively
fluid model membrane made from phosphatidylcholine (PC),
but could not diffuse into more rigid model membranes made
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