4248 Biochemistry2006,45, 4248-4256

Mechanism of the Membrane Interaction of Polynuclear Platinum Anticancer
Agents. Implications for Cellular Uptake

Qin Liu,* Yun Qu} Rik Van Antwerperf, and Nicholas Farrell*

Department of Chemistry, Virginia Commonwealth Lémsity, Richmond, Virginia 23284-2006, and
Biochemistry Department, Virginia Commonwealth Lémsity, Richmond, Virginia 23298

Receied December 9, 2005; Rised Manuscript Receéd February 7, 2006

ABSTRACT. The interaction between phospholipids and polynuclear platinum drugs was studied as a
mechanism model for cellular uptake of anticancer drugs. The interaction was studied by differential
scanning calorimetry (DSC¥!P nuclear magnetic resonance spectroscopy (NMR), inductively coupled
plasma optical emission spectroscopy (ICP-OES), and electrospray ionization mass spectrometry (ESI-
MS). The transition temperature, enthalpy, and entropy of negatively charged phospholipids DPPS, DPPA,
and DPPG were changed upon reaction with the trinuclear platinum comdlexgPtCI(NHs)2} ou-
Pt(NHs)2{ HoaN(CH2)eNH2} 2] (NOs)s (I, BBR3464) and the dinuclear analoguigrénsPtCI(NHs)2} u-
{(NH2)(CH2)sNH2(CHy)a(NH2)} Cls (I, BBR3571). This suggests that these platinum complexes interacted
not only with the phosphate headgroup but also with the region of the fatty acid tail of liposomes and
finally changed the fluidity of the membrane. Both noncovalent (presumably electrostatic and hydrogen
bonding) and covalent interactions were involved in the reactions of the negatively charged phospholipids
DPPA, DPPS, and DPPG with the highly positively charged platinum complexes. In contrast, few
differences were seen for the zwitterionic phospholipids DPPC and DPPE. The binding ratio of BBR3464
to DPPA liposomes was higher than the ratio of BBR3464 to DPPS liposomes, and similar differences
were seen for BBR3571. The binding ratios of the platinum complexes to negatively charged phospholipids
DPPA, DPPS, and DPPG were slightly lower in a 100 mM chloride solution than in a chloride-free
solution. The binding of BBR3464 and BBR3571 with the liposomes was significantly stronger than that
with cis-[PtCl(NHs),], cisplatin. ESI-MS confirmed that the products of the incubation of BBR3464
with DPPA and DPPS correspond to chloride displacement and formation #NHR)s{ NH2(CH.)s-

NH_} 2(DPPAY]?* (1) and [P§(NH3)e{ NH2(CH,)sNH,} o(DPPS)]?T (2), respectively. Similar observations

were made for BBR3572!P NMR spectra confirmed that the site of binding for DPPA was the phosphate
oxygen, whereas for DPPS, a binding site of the nitrogen of the serine side chain is indicated. Noncovalent
interactions were also confirmed by use of the analo§BgNHs)s} 2u-Pt(NHs)2{ HoN(CH,)sNH2} 2] (NO3)s

(1, 0,0,0tt,t). The implications of these results for the mechanism of cellular uptake of polynuclear
platinum complexes are discussed.

The membrane interactions of polynuclear platinum an- mechanism of cellular uptake, the first step in the cellular
ticancer drugs were studied with liposomes as a biomembraneaction of platinum drugs. Both passive and energy-dependent
model using various calorimetric and spectroscopic tech- (activated) pathways exist for platinum complex uptake (
niques. 10). The influence of the copper transport and efflux system

The three principal pharmacological factors affecting the o platinum status in cells has also been an area of
cytotoxicity of platinum drugs are cellular uptake and efflux, considerable recent interedfi(-13). Despite these advances
the frequency and structure of target (DNA) adducts, and in the understanding of platinum drug uptake and its role in
the extent of metabolizing reactions of sulfur-containing cellular sensitivity and/or resistance, the interaction of
proteins and peptides. Much is known on the molecular Platinum drugs with membranes has not been described in
mechanism of interactions with DNAL{-3) as well as the ~ detalil.
structures and products of reactions with sulfur nucleophiles  Di- and trinuclear platinum drugs contain two or three
such as methionine, cysteine, and glutathiode 7). In platinum centers linked by diamine chains (Scheme 1). The
contrast, less is known about the structural detail and positively charged BBR3464 and BBR3571 exhibit signifi-

cantly higher levels of cellular uptake than neutral cisplatin
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Scheme 1: Structures of BBR346K,(BBR3571 (I ), and ionization mass spectrometry (ESI-MS) methods. The results
a Noncovalent Analogugil (0,0,0£,t,t) indicate that the interactions of phospholipids with BBR3464
% . and BBR3571 are dependent on charge and occur in a two-
ay B M W M HN /c—.l step mechanism in which the noncovalent interaction is the
He N YN N, N NANAAR L first stage.
H3N_ /N\/\/\/\N/ \NH3 H; CI/P(\NH, H, N
o’ Nk, - MATERIALS AND METHODS
I, BBR3464 II, BBR3571
=% Materials. BBR3464 and BBR3571 were prepared ac-
an b HN,NH; cording to the literature procedure3)( 31). DPPS, DPPA,
3| Pt .
H N, \/\N\ﬁ, “NH, DPPC, DPPG, and DPPE were purchased from Avanti Inc.
"’") ’\‘/VV\I;’[: ht™ ’ Pipes buffer solution was prepared by mixing 10 mM pipes,
HN" - NH, 100 mM NaCl (or 100 mM NacClg), and 1 mM EGTA,
(00070 with the pH adjusted to 7.40 witl M NaOH.
Scheme 2: Structure and Abbreviations of the Liposome Preparation [Large Unilamellar Vesicles (LUV)].
Phospholipids Used in This Study Phospholipid (3.5 mmol) was dissolved in a minimum
CH,-(CH,),-COO-CH, amount of chloroform. A dry thin film was obtained by slow

evaporation of this lipid chloroform solution. The film was

dried overnight under vacuum and then hydrated in 2.5 mL
pipes buffer (either in the absence or in the presence of
platinum compounds). When the liposome was prepared in
the buffer in the presence of the platinum complex, the initial

CH;<(CH,),-C00-CH, O

HZC—O—ﬁ—O—X

(X = H, PA; X=CH,CHNH,COOH, PS; X=CH,CH(OH)(CH,(OH), PG; X =

(CH2);NH", PE; X=(CHz);N(CH);, PC) molar ratio of lipids to platinum compound was 9:1. After
1,2-dipalmitoyl-sn-glycero-3-phosphatidic acid (DPPA) (n=14) 10 freeze-thaw cycles, the suspension was extracted with a
1,2-dipalmitoyl-sn-glycero-3-phosphatidyl-choline, (DPPC) (n=14) Mini-Extruder (Avantl Inc.) thI’OUgh 400 nm polycarbonate

filter membranes.

Differential Scanning Calorimetry (DSCIDSC was per-
1,2-dipalmitoyl-sn-glycero-3-phosphatidyl-serine (DPPS) (n=14) formed using a Nano Il differential scanning calorimeter,
N-DSC I, model 6100 (Calorimetry Sciences Corp., Ameri-
can Fork, UT). Before analysis, samples were degassed under

1,2-dipalmitoyl-sn-glycero-3-phosphatidyl-ethanolamine (DPPE) (n=14)

1,2-dipalmitoyl-sn-glycero-3-phosphatidyl-glycerol (DPPG) (n=14)

1,2-Dihexanoyl-sn-Glycero-3-Phosphate (Monosodium Salt) (DHPA) (n=4) vacuum for 16-15 min. For eac_h analySIS’_a buffebuffer
scan was performed to establish a baseline. Subsequently,
1,2-Dihexanoyl-sn-Glycero-3-[Phosphatidyl-L-Serine] (Sodium Salt) (DHPS) (n = 4) the reference buffer and liposome samples (0.33 mL each)

have been studied in the absence of formation efINA were loaded in thejr appropriate ce_IIs and scanned from 25
bonds via analogous compounds capable of only noncovalenf© 75 °C at a heating rate of 1C/min. Enthalpy, entropy,
interaction such a8l in Scheme 120, 21). The noncovalent and _meltlng temperatures were calcu_lated using CpConvert
compounds strongly interact with DNA and induce unusual Version 2.2.1 (applied Thermodynamics, LLC).
conformational effects, including cooperative binding of  Binding AssayThe binding of platinum drugs with model
minor groove-binding ligand<2(). Cellular uptake of these ~Membranes was studied as follows. DPPA, DPPS, DPPG,
charged polynuclear molecules is remarkably enhanced inDPPE, and DPPC liposomes (100) were mixed with 900
comparison to that of neutral cisplatin, even with compounds #L 0f BBR3571 or BBR3464 {0.01-0.15 mM). The
carrying a formal charge o#8 (22). These observations ~Suspensions were incubated for 5 days in the dark &C37
suggest that noncovalent (hydrogen bonding and electrostaticgnd then centrifuged for 80 min at 17@pand 25°C. The
interactions can be observed with other bimolecules involved toP 500xL solutions were collected for the determination
in cellular uptake and metabolism. We have therefore begun©f the amount of free platinum by ICP-OES.
a systematic study to examine the generality of these In the kinetic studiesa 1 mLDPPA/DPPS solution (3.2
interactions and their relevance to the mechanism of actionmM) was mixed with 9 mL of BBR3464/BBR3571 (0.11
of polynuclear platinum drugs. In this paper, we examine mM) and incubated at 37C in the dark. One milliliter of
the interactions of polynuclear platinum drugs with phos- the suspension was taken and centrifuged. The platinum
pholipids as model systems for biomembranes and their concentration of the solution was measured by ICP-OES
possible relevance to cellular uptake. using the same method at different times (the first one was
Liposomes are a good model for biomembranes and havetaken after mixing for 20 min and then every 24 h for 7
been widely used for studying drug delivery and drug days).
interaction with the phospholipid bilaye2—26). Less has Platinum DeterminationThe liposome/platinum solutions
been reported about the interactions of platinum anticancerwere digested by EPA method 3050B and diluted to 10 mL.
drugs with lipids 27—29). This paper describes a study of The concentration of Pt was determined by using VISTA-
the interactions between di- and trinuclear platinum drugs MPX CCD simultaneous ICP-OES. The following conditions
and five different phospholipids chosen for the diversity of were used: power of 1.00 kW, plasma flow of 15.0 L/min,
charge and headgroup [DPPS, DPPA, DPPE, DPPG, andauxiliary flow of 1.50 L/min, nebulizer pressure of 1 kPa,
DPPC (see Scheme 2)] using differential scanning calorim- and replicated read time of 5 s. Five standard samples of
etry (DSC), inductively coupled plasma (ICPJP nuclear 0.5000, 1.000, 5.000, 10.0000, and 15.000 K ,PtCl, and
magnetic resonance spectroscopy (NMR), and electrospraya blank solution were used. Three wavelengths of 214.424,
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265.945, and 306.471 nm were chosen to monitor the Pt
concentration.

Phosphorus DeterminatioRhosphorus concentrations for
all the liposomes used in the binding and kinetic studies were
measured by VISTA-MPX CCD simultaneous ICP-OES to
calculate the binding ratio between platinum drugs and lipids.
Before the measurement, a 5@0liposome suspension was
digested by EPA method 3050B and diluted to 10 mL. The
polyboost was turned on 30 min before the measurement.
The same conditions that were used for platinum measure-
ment were used except the power was increased to 1.2 kW.
Three standard samples of 0.500, 1.000, and 5.000 ppm
(NH4)H.PO, were used as standard samples. Wavelengths
of 177.434, 178.222, and 213.618 nm were chosen to monitor
the phosphorus concentration.

NMR Spectroscopyone-dimensionaf’P NMR spectra
were recorded on a Varian Mercury series 300 MHz NMR
spectrometer using an AutoSwitchable four-nucleus 5 mm
probe.3P spectra were referenced to trimethyl phosphate
(TMP) at 0 ppm. The resonance frequency #® nuclei
was set at 121.387 MHz. BBR3464 and BBR3571 solutions
were incubated with DPPS and DPPA liposomes at a 1:2
molar ratio. After 5 days, the liposomes were extracted via
the published method3®) and dried under vacuum. The
NMR samples were prepared in 0.5 mL of CRCI

Electrospray lonization Mass Spectrometry (ESI-MS)
Method.BBR3464 and BBR3571 were mixed with DPPA
and DPPS liposomes [prepared in chloride or chloride-free
pipes buffer (pH 7.4)] at a molar ratio of 1:2.5. After
incubation for 5 days at 37C, the suspensions were
extracted with chloroform. The extract was lyophilized and
then dissolved in a MeOH/CH@ixture (1:1) for ESI-MS
measurement. Electrospray ionization mass spectra were L %0 5 a0
recorded with a Finnigan LCQ ion-trap electrospray meter TC)

(LCQ-MS) in positive ion mode. The employed voltage at g e 1: DSC results for (A) DPPA, (B) DPPS, and (C) DPPG
the electrospray needles was 4.5 kV, andsNeath gas and  in the presence and absence of BBR3464 and BBR3571 in pipes
Aux/sweep gas were used. The capillary was heated to 150buffer (pH 7.4).

°C. The solutions were injected into the ESI source directly
at a flow rate of 3.QuL/min. Tandem mass and zoom scan 64.0°C, and a pretransition peak at 4C was observed.
were used to analyze the structure of the product in the The transition temperature decreased t6G the presence
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experiments. Helium gas was admitted directly into the ion
trapping efficiency and as the collision gas in the collision-
induced dissociation (CID) experiment. A maximum ion
injection time of 500 ms along with 10 scans was set. To
induce collision activation, the relative collision energy was
controlled to 16-30% of maximum, depending on the
precursor ions and MSIn MS/MS and MS experiments,
an isolation width of 6-12 for the precursor ions was used
to allow the Pt isotopic signature to be observed.

RESULTS

Interaction of Phospholipids with Polynuclear Platinum
Drugs Studied by Differential Scanning Calorimetry
(DSC)

DPPA with BBR3464 and BBR35Mifferential scanning
calorimetry is useful in obtaining transition temperatures and

of BBR3464 and increased to 65T in the presence of
BBR3571. In both cases, the pretransition peak disappeared.
The AH and ASvalues of free phospholipid were 7.5 kcal/
mol and 0.023 kcal mol K™%, respectively. In the presence

of BBR3464 or BBR3571, th&H decreased to 5.5 or 5.9
kcal/mol, respectively, andSdecreased to 0.018 kcal mél
K~1in both cases (Table 1).

DPPS with BBR3464 and BBR357he major transition
temperature of DPPS liposome was 526, and the
pretransition temperature was 380, consistent with the
published data33). The enthalpy AH) and entropy AS)
were 11.0 kcal/mol and 0.030 kcal méK 1, respectively.

In presence of BBR3464 and BBR3571, the pretransition
peak again disappeared and the decrease in the transition
temperature was larger with BBR3468,(= 49.8°C) than

with BBR3571 T, = 51.4°C) (Figure 1B). The enthalpy

AH and entropyAS also decreased (Table 1).

thermodynamic parameters for the interaction between drugs DPPG with BBR3464 and BBR357The DSC results of

and membranes. Figure 1A shows the DSC results of DPPG liposomes with BBR3464 and BBR3571 are shown
liposome DPPA in the absence and presence of the platinumin Figure 1C. The transition temperature of DPPG liposomes
compounds. The major transition temperature of DPPA was was 40.7°C, and theAH and AS values were 8.3 kcal/mol
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Table 1: DSC and Thermodynamic Parameters for Different
Liposomes in the Presence and Absence of Platinum Drugs
BBR3464 and BBR3571 in Pipes Buffer (pH 7.4)

Tm (°C) AH (kcal/mol) AS(kcal moit K—1)

DPPA 64.0 7.5 0.023
DPPA and BBR3464  62.0 5.5 0.018
DPPA and BBR3571  65.7 5.9 0.018
DPPS 52.5 8.7 0.030
DPPS and BBR3464  49.8 6.4 0.021
DPPS and BBR3571  51.4 6.6 0.020
DPPG 40.7 8.3 0.028
DPPG and BBR3464  39.2 6.7 0.021
DPPG and BBR3571 40.5 6.6 0.021
DPPC 41.7 6.5 0.020
PPC and BBR3464 41.7 6.5 0.021
DPPC and BBR3571  41.7 6.5 0.021
DPPE 64.1 8.1 0.024
DPPE and BBR3464  64.1 8.1 0.024
DPPE and BBR3571  64.1 8.1 0.024

and 0.028 kcal molt K72, respectively. In the presence of
BBR3464, the transition temperature decreased to 39.2

Biochemistry, Vol. 45, No. 13, 20061251

observed at 35.0C and was unaffected by the presence of
the platinum drugs, which indicated there was almost no
interaction between the zwitterionic phospholipids and the
polynuclear platinum drugs.

Interaction of Phospholipids with Polynuclear Platinum
Drugs Studied by Induately Coupled Plasma
Spectrometry (ICP)

To examine the extent of dragphospholipid interaction,
ICP was used to quantify the platinum binding. Simulta-
neously, the phosphorus concentration of the liposome was
determined to calculate a binding ratig (moles of Pt
complex per mole of . Figure 2 shows the binding profiles
between phospholipid and BBR3464 in (a) a chloride-free
solution and (b) a 100 mM NacCl solution. Significant binding
was observed for the three negatively charged phospholipids
DPPA, DPPS, and DPPG. The binding ratio of DPPG is
lower than that of DPPS and DPPA. The binding ratig} (
of BBR3464 (0.14 mM) to DPPG, DPPA, and DPPS are
0.210, 0.285, and 0.315 in chloride-free solution, respectively,

A very slight change was observed in the presence of which changed to 0.17, 0.225, and 0.236, respectively, in
BBR3571. TheAH decreased to 6.7 and 6.6 kcal/mol in the 100 mM NacCl buffer. Thus, the binding ratios of BBR3464

presence of BBR3464 and BBR3571, respectivalyvalues
were identical and decreased to 0.021 kcal thél~* for
both compounds (Table 1).

DPPE and DPPCThe transition temperatures of DPPC
and DPPE were 41.7 and 64C, respectively (Figures S1

to the phospholipids decrease slightly but not significantly
in the presence of 100 mM NaCl. Thg values of the
platinum complexes with the zwitterionic phospholipids
DPPE and DPPC were low in both the presence and the
absence of chloride. The binding ratios of BBR3464 to DPPA

and S2 of the Supporting Information). There was very little are slightly higher than the ratios of BBR3464 to DPPS at
or no change in the transition temperature or the thermody-the highest concentration used in both solutions. Figure 3
namic values of the liposomes upon incubation with BBR3464 shows the binding of BBR3571 to the different phospholip-

or BBR3571 (see Table 1). The pretransition in DPPC was ids. The results are very similar to those of BBR3464, and
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Ficure 2: Binding of BBR3464 to different phospholipids in (a) chloride-free and (b) 100 mM NacCl pipes buffer (pH 7.4) after incubation

for 5 days at 310 K.
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Table 2: 3P NMR Results for Free Lipids and Lipids after
Incubation with BBR3464 and BBR3571 in Different Buffers

3P 6 (ppm)

lipid Cl~-free buffer 100 mM Ct buffer
free DPPA —0.41
DPPA and BBR3464 6.56;1.44 6.54-1.60
DPPA and BBR3571 6.46;1.28 6.47-1.25
free DPPS —2.08
DPPS and BBR3464 —2.46,—2.47 —2.49,—2.51
DPPS and BBR3571 —2.48,—2.52 —2.33,-2.44
free DPPG —1.43
DPPG and BBR3464 3.622.36 —2.32
DPPG and BBR3571  —2.25 —2.00
DPPA and AH44 —-1.51
DPPS and AH44 2.69

the lack of reactivity to DPPE and DPPC was also observed.
The binding ratios ) of BBR3571 (0.14 mM) to DPPG,
DPPA, and DPPS were 0.23, 0.295, and 0.35, respectively,
in the absence of chloride solution. Thevalues decreased

to 0.140, 0.260, and 0.275, respectively, in 100 mM NaCl.

Kinetic Study The kinetics of binding of polynuclear
platinum drug to DPPA and DPPS in chloride-free pipes
buffer was also studied by ICP-OES. The concentrations of
BBR3464 and BBR3571 were 0.11 mM in this study. The
results showed that an initial rapid binding occurred within
the first 20 min followed by a further slow interaction toward
equilibrium (Figures S3 and S4 of the Supporting Informa-
tion). After 24 h, only modest increases in the binding ratio
were observed. The binding ratios in all cases were in
agreement with those obtained above. It is reasonable to
interpret the initial reaction as noncovalent, dominated
presumably by electrostatic and hydrogen bonding interac-
tions followed by slower formation of the platinum
phospholipid complex. All samples for DSC and spectros-
copy were measured after being incubated for 5 days to
maximize the amount of covalently bound species formed
in the heterogeneous reaction solution used.

Structural Characterization of the Interaction of
Phospholipids with Polynuclear Platinum Drugs B4
NMR Spectroscopy

To examine the structural nature of the dryghospholipid
interaction, NMR spectroscopy and mass spectrometry were
used. After incubation of the liposomes with BBR3464 and
BBR3571 at 37°C in the presence or absence of chloride
buffer (pH 7.4), the phospholipids were extracted with
chloroform anc’P NMR spectra were recorded. The results
are summarized in Table 2. TR&® NMR spectrum of the
incubation product of BBR3464 with DPPA showed two
peaks at 6.56 and-1.44 ppm, compared to the chemical

Liu et al.

examine this point, theé-6 noncovalent analogud (0,0,0/
t,t,t), where the chloride leaving groups are replaced by the
inert ammonia ligands to prevent covalent bond formation
(Scheme 1)20, 21), was incubated with DPPA in 100 mM
NaCl pipes buffer. Thé'P NMR spectrum exhibited only
one upfield signal at—1.51 ppm AS 1.10 ppm),
completely consistent with our interpretation of noncovalent
interactions.

The interaction with DPPG followed a pattern similar to
that of DPPA. In the presence of BBR346%#P signals
appear at 3.62 and2.36 ppm compared to the chemical
shift of free DPPG at-1.43 ppm. The upfield shift again
indicates a noncovalent interaction. The downfield signal of
the 3P spectrum at 3.62 ppm was of weak intensity but
consistent with covalent bond formation between BBR3464
and the headgroup of DPPG. In 100 mM chloride buffer,
only the upfield signal at-2.33 ppm was observed. In the
case of BBR3571, evidence for only the noncovalent
interaction (at-2.24 ppm in absence of chloride buffer and
—2.00 ppm in the presence of chloride buffer) was obtained
and no downfield signals were observed. It is possible that
these observations are due to preferential extraction and/or
the fact that DPPG is a phosphodiester and the phosphate
oxygen has weaker coordinating ability than DPPA.

In both DPPA and DPPG, the downfield shift is clear
evidence of formation of a platinusrphosphate bond. In
contrast, only slight upfield chemical shifts of peaks12.46
and—2.47 ppm were observed after the incubation of DPPS
with BBR3464 compared to the free DPPS-&2.08 ppm.
The presence of two distinct peaks is clearly discernible,
despite the high degree of similarity in the chemical shift
(Figure S5). The presence of two peaks is also seen for
BBR3571 incubation, and the chemical shift values vary little
in the absence or presence of chloride (Table 2). Incubation
of DPPS with the noncovaleii (0,0,0£t,t) gave one’P
signal at—2.70 ppm indicating that one of the two peaks
observed for BBR3464 and BBR3571 arises from the
noncovalent interaction. The absence of a downfield signal
would imply therefore that the phosphate group is not the
origin of the covalent binding site of DPPS. In separate
experiments,{*H,’5N} HSQC NMR spectra of pN]B-
BR3464 incubated with DHPS (see Scheme 2) exhibited
chemical shifts indicative of PtN binding, consistent with
an expected preference for the nitrogen, rather than carboxy-
late oxygen, of the serine group (data not shown).

Structural Characterization of the Interaction of
Phospholipids with Polynuclear Platinum Drugs by
ESI-Mass Spectrometry

To further examine the nature of the covalent interaction

shift of free DPPA at-0.41 ppm. Because of the possibility between phospholipids and polynuclear platinum compounds,
of preferential extraction of either species giving rise to these samples for mass spectrometry were extracted from the
signals, no attempts were made to integrate them and nosuspension of BBR3464 with DPPA and DPPS and intro-
estimates of relative proportions of the species present areduced into the electrospray ionization mass spectrometer in
made. The relatively large downfield shift of the signal at a 1:1 MeOH/CHGC] mixture. For DPPA, a major peak at

6.56 ppm is perfectly consistent with the formation of a
platinum—phosphato specie84, 35). Similar chemical shifts
were observed for BBR3571 (6.46 andl.28 ppm). The
observation of upfield shifts suggests the possibility of a
noncovalent (electrostatic and/or hydrogen bonding) interac-
tion between the DPPA and BBR3464 or BBR3571. To

m/z 1106.5 and a minor peak at'z 738.2 were observed
(Figure 4). The peak at/z 1106.5 was split to 0.5 unit and
the peak at/z 738.2 to 0.33 unit, which suggested that they
are+2 and+3 ions for the same species, respectively. This
species was assigned to the ion of;(RH3z)s{ NHz(CHy)e-
NH_} A(DPPA)Y]?* (1), in which the two chlorides of BBR3464
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fragment suggests that the atom covalently bound to Pt in
DPPS could be in the serine headgroup, rather than phos-
il il b it phate, in [P#NHa)s{ NH2(CH>)s(NH2)}2(DPPS)]?*, consis-
1000 1200 1400 1600 1800 2000 tent with the3'P NMR results.
" The ESI-MS results of the samples from the reactions of

534.1

738.2

100~ 1106.5 mode of binding of the Pt to DPPA and DPPS (see Figure
] S7). Notable is the peak at/z 835.2 even though it is of

5807 low intensity. This peak also shows-82 ion and can be

'gso assigned to a 96 amu fragment lost from speciesa883.5,

340 607.1 1285.3 attributed to a HPQ fragment. The observation of this

g

N
o

TR A A

0 ,
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FiGure 4: ESI-MS spectrum of the sample extracted from the

suspension of DPPA with BBR3464. BBR3571 with DPPA and DPPS are very similar to those
of the samples from BBR3464. A peak at/z 949.9
100+ 1193.8 corresponding to [RENH3)4{ (NH2)(CH,)sNH(CH,)4NH2} -

80 (DPPAY]?* (3) was observed for the sample extracted from
- the suspension of BBR3571 with DPPA (see Figure S8). A
§6°§ peak atm/z 644.2 corresponding to one DPPA covalently
240- bound to BBR3571, [Rt(NH2)(CH:)sNH(CHy)sNH(NH3)4} -

2 ] (DPPA)CIF', was also observed. A peak '’z 1898.1

207 assigned as the2 ion of [P(NHa3)4{ (NH2)(CH2)sNH(CHy)-

0} NH_} (DPPA)]?t was also observed in this spectrum. No

1600 1800 = 2000 . . :
400 600 0 1000 1200 1400 evidence of further associated DPPA, as in the case of

FiGURe 5: ESI-MS spectrum of the sample extracted from the BBR3464, was observed in this species, probably because
suspension of BBR3464 with DPPS. of the smaller overall positive charge of BBR3571 versus
BBR3464. For the sample of BBR3571 with DPPS, a peak
were replaced with two DPPAligands. Along with these  atm/z1037.5 corresponding to [R{NH2)(CH2)sNH(CH,).-
two peaks, a peak at/z 534.1 corresponding to the3 ion NH>(NH3)4} (DPPS)]?" was observed. The same species
of [Pts(NH3)s{ NH2(CH,)sNH_} ,(DPPA)CIF*, in which only were observed in all the samples extracted from a 100 mM
one of the chloride ligands is displaced, was also observed.NaCl buffer suspension.
The isotopic distribution of the peak was consistent with
calculated results (Figure S6). The principal fragment ions DISCUSSION AND CONCLUSIONS
observed in MS/MS and MSnodes from CID experiments The combined results unequivocally confirm both nonco-
conducted on the peak at'z 1106.5 are shown in Table valent and covalent contributions to the interactions of
S1. The fragment ions atvz 1098.1 and 1089.5 were phospholipids with positively charged polynuclear platinum
observed in the MS/MS spectrum, corresponding to loss of complexes. The pattern of binding affinity (DPPADPPS
17 and 34 amu from the precursor, corresponding to one> DPPG > DPPE > DPPC) is easily understood by
and two ammonia ligands, respectively. The six ammonia considering the amphiphilic cationic nature of the complexes
ligands were lost sequentially until M@as carried out when  and the overall charge of the amphiphilic phospholipids. The
the loss of a DPPA fragment was also observed, indicating higher binding ratio with DPPA in comparison to those with
that the platinum-phosphate bond is very stable under these DPPS and DPPG may be due to the smaller phosphate group
conditions. and higher electronic density of DPPA when compared to
For the extracted sample from the suspension of BBR3464DPPS and DPPG. The ratios of binding of both BBR3464
with DPPS, a principal peak was observedvér 1193.8, and BBR3571 to the phospholipids are significantly greater
assigned to the-2 charged ion of [R{NH3)s{ NH2(CH,)s- than that of cisplatin (see Table 3), both in the absence and
(NH)}2(DPPS))?* (2) (Figure 5). The next most prominent in the presence of chloride. Interestingly, béfi? NMR
peak observed is that aw/z 1836.4. The splitting of the  spectroscopy and ESI-mass spectrometry indicated covalent
isotopic peaks to 0.33 unit indicatest88 charged species, interactions of DPPA and DPPS even in 100 mM NacCl.
identified as a species containing twog[RiHz)s{ NH2(CH,)s- {*H,">N} HSQC NMR studies on the kinetics and equilibrium
NH_} 2(DPPS)]?" units and one DPPS. An analogous peak of aquation of BBR3464 indicated that the equilibrium lies
that was less intense at/'z 1691.2 was observed in the to the left (with a highk-;), and under physiological
reaction of BBR3464 with DPPA (Figure 4). This peak can conditions, more than 97% of the compound is in the chloride
also be assigned to th€3 charged species comprised of form (36). Two interesting points are, therefore, that bond
two [Pis(NH3)s{ NH2(CH,)s(NH2)} 2(DPPA)Y]?" units and one  formation of weakly coordinating phosphate (DPPA) takes
additional DPPA unit. The hydrophobic interaction of fatty  place at all and that the binding of BBR3464 and BBR3571
acid chains between these ions and the less polar solvents significantly stronger than that ofisDDP under all
used for mass spectrometry could be the reason for theconditions and for all phospholipids (see Table 3). The strong
formation and observation of these novel species. noncovalent interaction observed B NMR spectroscopy
When the peak atv/z 1193.8 was chosen as a precursor and the kinetic ICP experiments suggests that this “preas-
for MS/MS, sequential loss of four NHigands occurred  sociation” mechanism could facilitate chloride displacement
(see Table S2). In contrast to the DPPA example, however,and also effectively reduce the chloride concentration in the
no subsequent loss of phospholipid was observed. Insteadyicinity of the binding site. Analogous observations have
further MS/MS selection results in breakdown of the phos- been made in examining the rate of aquation of BBR3464
pholipid structure, possibly reflecting the difference in the in the presence of DNAJY). A preassociation would be
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Table 3: Binding of Platinum to Different Phospholipids at a Fixed Free Platinum Compound Concentration of 0.10 mM (moles of platinum
compound per mole of P

BBR3464 BBR3571 cissDDP(29)
phospholipid Ct-free 100 mM Cf Cl~-free 100 mM Ct Cl~-free 100 mM Ct
DPPA 0.275 0.225 0.300 0.260 0.0185 0.0056
DPPS 0.265 213 0.295 0.260 0.0225 <0.001
DPPG 0.210 1.45 0.225 0.125 0.0015 <0.001
DPPE 0.050 0.025 0.040 0.025 <0.001 <0.001
DPPC 0.010 0.008 0.011 0.007 <0.001 <0.001

expected to be stronger with a higher positive charge andphosphorylation, and cell proliferatiod3, 44). How plati-
would correlate with the observed binding ratios (BBR3464 num—drug interactions affect signaling remains to be
> BBR3571> cisplatin carrying+4, +3, and 0 charges, determined. CisplatinDPPS interactions are not considered
respectively). The mass spectrometric observation of anto play a direct role in cytotoxicityZ7). In contrast, studies
unusual association of an additional DPPA molecule with on the cisplatin-sensitive A549 and cisplatin-resistant A549/
the coordinated species may reflect further aggregation of DDP cells clearly indicated that components and properties
the amphiphilic anion. of membrane phospholipids of the two cell lines were
The molecular details of the preassociation and how the significantly different during the apoptotic process when they
nature of this interaction changes the physical state of thewere treated with a clinically relevant dose of cisplaéb)(
membrane cannot be readily discerned from these experi-The plasma membrane plays an important role in the control
ments. Some idea of the exact nature of the interaction can,of intracellular concentration and the efflux and influx of
however, be obtained from the thermodynamic studies of drugs. Many anticancer drugs show membrane effects via
the transition temperature. Phospholipids exhibit thermotropic weak hydrophobic interaction or via electrostatic binding to
and lyotropic phase behavior. Hydrated biomolecular lamellar membrane phospholipids before entering the cytoplasm, as
phases are formed when the phospholipid film is dispersedindicted here. A hitherto unappreciated point demonstrated
in excess water, in which the lipid molecules are packed in here is that the nature of the formation of the bond with

a quasi-crystalline two-dimensional lattice (gel phagedt phosphate oxygen versus that with serine nitrogen may also
remain in a lamellar arrangement but show higher two- affect the dynamic properties of the drughospholipid
dimensional fluidity in a liquid crystalline phase ({L(24). conjugate. The uptake mechanism of platinum anticancer

Transition between these phases can be induced by temperdrugs is still unclear. Within the polynuclear platinum series,
ature changes. The transition temperature, enthalpy, orhigher charge is actually associated with faster uptake even
entropy of the gel to the liquid phase transition is altered by up to a formal charge of-8 (22). The strong electrostatic
drug interaction, and quantification of these parameters interaction between negatively charged lipids DPPS, DPPS,
provides information about the nature of the interaction. and DPPG and positively charged BBR3464 and BBR3571
Usually, an increase in the transition temperature is causedmay suggest a model for the uptake of the polynuclear
by of the negatively charged phospholipids by positively platinum drugs. An attractive hypothesis is that a phosphate
charged ions such as €aor Mg?" and indicates reduced “shuttle” involving the formation and breaking of the
fluidity of the membrane38). Any drug entering the bilayer  relatively labile phosphate bond could assist in the transport
will modify the interacting forces between the lipid alkyl of drugs across membranes. The growing recognition of the
chains and affect the thermogram. Peak broadening with aimportance of cellular uptake and efflux mechanisms in
decrease or increase in the transition temperature suggestdetermining clinical resistance to platinum drugs suggests
the location of the drug in the cooperative region of the first that the details of the phospholipid interaction are worthy
eight carbons of the alkyl chain (€Z8). A decrease in  of more detailed examination in delineating the role and
the transition temperature without broadening implies the consequences of platinunmembrane binding in platinum-
interaction is in the C12C16 region 24). The total enthalpy  sensitive and -resistant cells. Finally, chemical and structural
change associated with the main lipid chain melting is related differences found in interactions of the polynuclear platinum
to molecular packing of alkyl chaing®, 39). In the case of and cisplatin with different liposomes should be considered
the polynuclear platinum complexes, the decrease or increasevhen attempting to enhance the efficiency of drug treatment
(DPPA in the presence of BBR3571) in the transition through targeted delivery systems and in designing new
temperature and broadening of the peaks for DPPS, DPPA anticancer drugs.
and DPPG liposomes upon incubation with BBR3464 or
BBR3571 suggested that the platinum drugs affected the ACKNOWLEDGMENT
C2—-C8 region of the alkyl chain due to the hydrophilic
property of these compounds. The perturbation of phospho-
lipid bilayer packing resulted in decreases in entropy and
enthalpy. These observations suggested that overall charge
platinum compounds BBR3464 and BBR3571 interact
strongly with negatively charged liposomes not only at the g ;pPPORTING INFORMATION AVAILABLE
phosphate headgroup but also at the core of bilayer.

The negatively charged lipids PS and PA are involved in  ESMS spectra of BBR3571 with DPPA, tandem mass
many membrane functions such as signal transduclon ( analysis results and spectra of the products of the reactions
41), protein kinase C activity regulatiomM?), oxidative between BBR3464 and DPPA/DPPS, DSC results of DPPE
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and DPPC liposomes, kinetics of binding of BBR3464 and 20
BBR3571 to DPPA/DPPS membranes, 8iRINMR spectra
of BBR3464 and BBR3571 with DPPS. This material is

available free of charge via the Internet at http://pubs.acs.org.
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