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Specificity for the Exchange of Phospholipids Through Polymyxin B Mediated
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ABSTRACT: Structural specificity for the direct vesicleresicle exchange of phospholipids through stable
molecular contacts formed by the antibiotic polymyxin B (PxB) is characterized by kinetic and spectroscopic
methods. As shown elsewhere [Cajal, Y., Rogers, J., Berg, O. G., & Jain, M. K. (B&®&)emistry 35
299-308], intermembrane molecular contacts between anionic vesicles are formed by a small number of
PxB molecules, which suggests that a stoichiometric complex may be responsible for the exchange of
phospholipids. Larger clusters containing several vesicles are formed where each vesicle can make multiple
contacts if sterically allowed. In this paper we show that the overall process can be dissected into three
functional steps: binding of PxB to vesicles, formation of stable vesiatsicle contacts, and exchange

of phospholipids. Polycationic PxB binds to anionic vesicles. Formation of molecular contacts and
exchange of monoanionic phospholipids through PxB contacts does not depend on the chain length of the
phospholipid. Only monoanionic phospholipids (with methanol, serine, glycol, butanol, or phosphati-
dylglycerol as the second phosphodiester substituent in the head group) exchange through these contacts,
whereas dianionic phosphatidic acid does not. Selectivity for the exchange was also determined with
covesicles of phosphatidylmethanol and other phospholipids. PxB does not bind to vesicles of zwitterionic
phosphatidylcholine, and its exchange in covesicles is not mediated by PxB. Vesicles of dianionic
phospholipids, like phosphatidic acid, bind PxB; however, this phospholipid does not exchange. The
structural features of the contacts are characterized by the spectroscopic and chemical properties of PxB
at the interface. PxB in intermembrane contacts is readily accessible from the aqueous phase to quenchers
and reagents that modify amino groups. Results show that PxB at the interface can exist in two forms
depending on the lipid/PxB ratio. Additional studies show that stable PxB-mediated vesisiele
contacts may be structurally and functionally distinct from “stalks”, the putative transient intermediate
for membrane fusion. The phenomenon of selective exchange of phospholipids through peptide-mediated
contacts could serve as a prototype for intermembrane targeting and sorting of phospholipids during their
biosynthesis and trafficking in different compartments of a cell. The protocols and results described here
also extend the syllogistic foundations of interfacial equilibria and catalysis.

Polymyxin B (PxB} is a cyclic amphipathic decapeptide
with five positively charged side chains and an acyl chain
at the N-terminus (Storm et al., 1977):
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1 Abbreviations: CL, Tetralauroylcardiolipin; Dab,y-diaminobu-
tyric acid; DMPX, 1,2-dimyristoylglycersn-3-phosphatidic acid
(DMPA), or the corresponding phosphodiester with -choline (DMPC),
-butanol (DMPBuUt), -glycerol (DMPG), -glycol (DMPGIy), -methanol
(DMPM), -serine (DMPS); DPPM, 1,2-dipalmitoylglycesm3-phos-
phomethanol; DSPM, 1,2-distearoylglycesn3-phosphomethanol;
DTPA, 1,2-ditetradecylglycerser-3-phosphate; DTPM, 1,2-ditetradec-
ylglycero-sn-3-phosphomethanol; E*, enzyme bound to the interface;
Ksv, Stern-Volmer quenching constant; LPA, lysophosphatidic acid;
LPC, lysophosphatidylcholine; LPM, lysophosphatidylmethanol; NBD-
PE, N-(7-nitro-2,1,3-benzoxadiazol-4-yl)dioleoylphosphatidylethanol-
amine; PLA2, phospholipase,Arom pig pancreas; PxB, polymyxin
B; PxE, polymyxin E or colistin sulfate; PyPX, 1-hexadecanoyl-2-(1-
pyrenedecanoyl)glycersr-3-phosphate (PyPA) and the corresponding-

sn3-phosphodiesters (PyPM or PyPC); Rh-PE, N-(lissamine rhodamine

B sulfonyl)dioleoylphosphatidylethanolamine; TNBS, 2,4,6-trinitroben-
zenesulfonic acid.

Acyl>Dab—->Thr-Dab—-Dab—-Dab—D-Phe

N
L) Leu
P4
Thr<Dab<Dab

(Dab = o.,y-diamino-L-butyric acid)

We have shown that PxB mediates direct intervesicle
exchange of DMPM by establishing stable intermembrane
molecular contacts between vesicles without vesicle fusion
or solubilization (Jain et al., 1991; Cajal et al., 1995, 1996).
The PxB-mediated exchange of phospholipids occurs without
net transfer, because integrity of vesicles in contact is
maintained. This is expected in a contact between identical
vesicles: even though the surface energy of small vesicles
is not favorable, mixing of inner monolayers is not mediated
by PxB.

Operationally, it is possible to dissociate at least three steps
that lead to the formation of a functional contact between
two vesicles: binding of PxB to the surface, apposition of
two bilayers to form a stable vesieleesicle contact, and
selective exchange of phospholipids through the contact. In
this paper we describe criteria and protocols to dissect these
steps and show that PxB promotes exchange of monoanionic
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phospholipids such as DMPM but not of dianionic phos- detail. Specific experimental conditions are given in the text
phatidic acid, although vesictevesicle contacts are formed or the figure captions; however, general protocols may be
in both cases. Results with covesicles containing DMPM noted. Progress curves for the hydrolysis of phospholipid
show that DMPA or DMPC do not exchange across PxB- vesicles were obtained on a (Radiometer) pH-stat titration
mediated contacts between covesicles, although DMPM doesassembly where the stirrer speed is about 2000 rpm.
Structural and organizational constraints of PxB-mediated Protocols for obtaining the size of vesicles and the amount
contacts are explored by chemical and spectroscopic meth-of substrate available in the reaction mixture for the
ods. There are differences in the spectroscopic propertieshydrolysis by PLA2 are as before (Cajal et al., 1995). Based
and chemical reactivity of PxB bound to DMPM or DMPA  on the total substrate present in the reaction mixture, it was
vesicles. Results also show that PxB in contacts is readily found that typically about 65% of the total substrate was
accessible from the aqueous phase and that the chemicahccessible to the enzyme added to the reaction mixture.
reactivity and spectroscopic properties of PxB in the interface  precautions for handling PxB and for monitoring its effects

are different compared to those of PxB in the aqueous phaseqp, the reaction progress on DMPM vesicles are described
Spectroscopic signatures of two forms of PxB at the interface ;; qetail for DMPM (Cajal et al., 1996). The same

can be dissected which suggests that the properties of PxByrecaytions are necessary with other anionic phospholipids
in the vesicle-vesicle contacts are different compared to |ecquse the enzyme and PxB bind rapidly and do not
those of PxB bound to the interface but not in an intervesicle exchange between vesicles. Vesielesicle contacts medi-
contact. These differences are emphasized by the models;ieq py pxB are stable for at least several minutes such that
compared in Figure 12. Broader significance of intermem- pyg o vesicles in contact do not exchange. The substrate
brane interactions is discussed in the context of phospholipid ;4 the products of hydrolysis do not exchange between
transfer through peptide mediated contacts. ‘It may also be,ggjcies except through the PxB contacts whose specificity
emphasized for the'be'neflt on the uninitiated reader that, in ;¢ investigated in this paper. All studies reported here were
such a system, valid inference can be drawn only from a ;5qieq out at low mole fractions of PxB where there is no

syllogistic interpretation of the sequence of addition. This j,qication of fusion or solubilization of vesicles induced by
is necessitated by the fact that the local and global condltlonsPXB To avoid complications due to fusion during the

in. a microscopically_hgterogeneous system can be V€Y reaction progress by PLA2 on DMPA (co-)vesicles, it was
dlﬁergnt, and Fhe Val.'d inference can only be drawn from necessary to keep the calcium concentration below 0.1 mM;
the microscopic relations. in all other cases calcium concentration could be kept at 0.5
mM without any detectable fusion for at least 30 min. It
may be noted that calcium is not required for the PxB-

Materials. Pyrene-labeled phospholipids (with PC, PM, media}ted vgsiclevesicle exchange of phospholipids nor
and PA head group) were purchased from Molecular Probes does it mediate exchange of phospholipids at the concentra-
DMPA (monosodium salt), DMPS (sodium salt), DMPG tions used _for the.klnetlc studies (Caje}I et al., 1996): th.e
(sodium salt), DMPC, and the NBD- and Rhodamine- a@pparent dissociation constant .for cgluum for the catalytic
phospholipids labeled at the amino group of phosphatidyleth- turnover of PLA2 on DMPM vesicles is about 0.09 mM (Yu
anolamines were from Avanti. CL was kindly provided by et al., 1993).

Dr. J. Marecek (Stony Brook). LPC was from Calbiochem.  Fluorescence MeasurementsSpectroscopic measure-
Polymyxin B sulfate (PxB) and colistin methanesulfonate ments were carried out at 2& in 10 mM Tris at pH 8.0 on
were from Sigma, and polymyxin E sulfate (PxE or colistin an AB-2 spectrofluorimeter (SLM-Aminco) with constant
sulfate) was from Waco Ltd. (Japan). The purity and identity stirring. All spectral manipulations were also carried out
of these peptides was confirmed by analytical HPLC, amino with the software provided with the instrument. Typically,
acid analysis, and fast atom bombardment mass spectrometryhe slit widths were kept at 4 nm each, and the sensitivity
(FAB-MS). Preparation of PLA2 from pig pancreas and all (PMT voltage) was adjusted to 1% for the Raman peak
other phospholipids and lysophospholipids (lithium or sodium corresponding to the same excitation wavelength from the
salts) used in this study have been described before (Jain ebuffer blank. The relative change in the fluorescenife,

al., 1986a). is defined as: B — F,)/F,, whereF, andF are the intensity

Vesicle Preparation.All spectroscopic and kinetic studies ~without and in the presence of PxB, respectively. The
reported in this paper were carried out on small unilamellar exchange of lipid between vesicles on the addition of PxB
vesicles obtained by sonication of the phospholipid powder was assessed by monitoring transfer of pyrene-labeled
dispersed in water above their géluid transition temper- ~ phospholipids as donor vesicles to an 100-fold excess of
ature. Co-vesicles of DMPM containing other phospholipids unlabelled phospholipid vesicles as acceptors. Fluorescence
or vesicles containing fluorescent probes were prepared byemission was monitored at 395 nm (with excitation at 346
evaporation of a mixture of the lipid solutions in CHCI ~ nm) corresponding to the monomer emission.

CH;OH (3:2). The dried film was hydrated and then  Vesicle preparations used for the resonance energy transfer
sonicated (Lab Supplies, Hickesville, NY, Model G112SPIT) measurements contained 0.6% of NBD-PE or Rh-PE codis-
until a clear dispersion was obtained (typically £ min). persed with suitable unlabeled lipids. Excitation was at 460
Kinetic MeasurementsExperimental protocols and condi- nm, and fluorescence emission from rhodamine was moni-
tions are adopted from those described elsewhere (Cajal etored at 592 nm. The change in fluorescence was calculated
al.,, 1996). Protocols for monitoring the time course of as [F — F¢/[F. — Fo), with F, andF corresponding to the
hydrolysis of vesicles in the highly processive scooting mode fluorescence intensities before and after adding PxB Fand
(Jain et al., 1986, 1995; Berg et al.,, 1991) and for the as the fluorescence after total mixing of lipids, as measured
interpretation of the reaction progress in the presence of PxBwith co-vesicles containing 0.3 mol % of each of the probes
(Jain et al., 1991; Cajal et al., 1996) have been described inat the same total bulk lipid concentration. This protocol was

EXPERIMENTAL PROCEDURES
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also used to monitor (hemi)fusion-induced dilution of the
probes in excess unlabeled vesicles.

Quenching ExperimentsChanges in phenylalanine fluo-
rescence spectra of PxB were recorded at the excitation
wavelength of 256 nm using 4 nm bandwidths, in 10 mM
Tris at pH 8.0 and 28C with constant stirring. Appropriate
amounts of lipid vesicles were added to a solution ofi50
PxB in the cuvette; spectra were recorded after equilibration
(about 30 s). To monitor quenching of phenylalanine
fluorescence signal by iodide or acrylamide, the quencher
was added in increasing amounts from a stock solution in
water: 1 M KI containing 0.25 mM N#&,0; (to prevent 4
and k- formation) or 3.3 M acrylamide. Since the fluores-
cence emission intensity from phenylalanine is quite low,
several corrections were necessary after subtracting the dark
current of the instrument. The emission maximum was at
282 nm after correction for the light scattering and Raman
peak of the buffer. These corrections were made by
subtracting the spectra obtained under identical conditions
using the non-fluorescent analogue PxE (Linstead of
Phé), which shows the same phospholipid exchange behav-
ior as PxB. The fluorescence intensity readings were also

50 nmol

Product

150 -

100 -

S0+

Product (nmol)

B

corrected for the inner filter effect due to quencher absorp- 0 20 30

tion, according toF = Ffo, whereF is the corrected Time (min)

fluorescence intensityr is the measured intensity after Fcure1: (A) Reaction progress curves for the hydrolysis of small
correction for scattering, ané, is the correction factor  sonicated vesicles of (top) DMPG {imol in 4 mL of 0.5 mM
determined in a parallel titration with PxE, defined as the CaCkand 1 mM NaCl at pH 8.0) and (bottom) DMPA (Iumol

; ; ; : ; in 4 mL of 0.1 mM CaCJ} and 100 mM NaCl at pH 8.0). The
ratio of the signal in the absence of quencher with the signal reaction was initiated with (20 pmol) PLA2 from pig pancreas, and

obtained at a specified quencher concentration. Quenchingsfier cessation of the catalysis PxB (11 nmol) was added to the
results were analyzed according to Ste¥folmer equation reaction mixture. (B) Reaction progress curve for the hydrolysis
for collisional quenching:Fo/F = 1 + Ks\[Q], where F, of vesicles of DMPC (295 nmol) by PLA2 (26.5 pmol) in 4 mL of
andF are the fluorescence intensities in the absence and0:> MM _CaCifandh L NafCI at pH 8.0. At thle end of the
presence of quencher, [Q] is the molar concentration of fg”cgvc\’,gj'z’y %xée(sssimggf of DMPC (295 nmol) was added,

guencher, anisy is the Stera-Volmer quenching constant.
Values of the SternVolmer constant for free phenylalanine Determination of the Number of Amino Groups Modified
or for PxB were of the same magnitude. Since the i TNBS. Reactivity of the fivey-amino groups of Dab
fluorescence life-time for phenylalanmg is about 5 ns (Lorey (asidues in PxB (cationic at physiological pH) to TNBS was
et al., 1971), the quenching constant is in the range & 10 yetermined according to Fields (1972) on a UV spectropho-
M~* s™t which suggests that the quenching mechanism is (ymeter (Hewlett-Packard, Model 8452A). In short, the
collisional. reaction in the cuvette was initiated by adding excess TNBS
Light Scattering. The change in turbidity was measured (10 mM) to a solution of 1«M PxB in 0.025 M borate
as the change in the 98cattered intensity at 360 nm and 1  buffer at pH 9.5 containing 1 mM N&G; with appropriate
nm slit widths on a SLM-Aminco AB-2 spectrofluorimeter. amount of lipid vesicles, if present. The solution was rapidly
The relative change in the intensity of the scattered light, mixed (<10 s), and the formation of the TNB-amino group
dl, is defined as for the fluorescence intensity. complexes was monitored by continuously recording the UV

Circular Dichroism MeasurementsThe CD spectra were ~ absorption at 420 nm. Each reaction progress curve was
typically recorded on a Jasco J700 spectropolarimeter in 1corrected for the time-dependent change in the reagent by
or 10 mm cells with 1 nm slit width, at 25C in 10 mM subtracting the corresponding curve obtained under identical
Tris at pH 8.0. Five scans were recorded and averaged tot0nditions but in the absence of peptide. Modification per
improve the signal to noise ratio. The spectrum of buffer @Min0 group was calibrated with 1,8-diaminooctane, with
or blank vesicles was subtracted from the CD spectrum of the experimentally measured extinction coefficient of 19 000
the sample. For calculations of molar ellipticities, the M™* cm™ per amino group. This value is in accord with
concentration of the peptide was calculated by amino acid the reported values (Fields, 1972). Experimental curves were
analysis of the acid hydrolysate on a Beckman System 6300a@nalyzed by least square nonlinear regression fitting to one
Autoanalyzer. Special care was taken to avoid possible OF More exponential processes (GraphPad Inplot, San Diego,
artifacts due to light scattering from the vesicles in the CA
presence of PxB. There is no noticeable path length RESULTS
dependence (the same CD signal is obtained in cells of 10
and 1 mm, with the exception that with 10 mm cell it is not Effect of the Phospholipid Structure on the PxB-Mediated
possible to scan below 190 nm). Also in experiments with Exchange. The effect of PxB on the hydrolysis of vesicles
PxB in the presence of sodium dodecyl sulfate, essentially of DMPG or DMPA by PLAZ2 is shown in Figure 1A. In
the same CD signal was obtained as in the presence ofboth cases hydrolysis starts immediately after the addition
DMPM vesicles. of the enzyme. With less than one enzyme per six vesicles,
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the reaction progresses until a constant number of phospho-
lipids per enzyme are hydrolyzed; excess substrate vesicles
present in the reaction mixture are not accessible to the bound
enzyme. According to Poisson distribution, under these
conditions each enzyme containing vesicle has at most one
enzyme molecule; therefore, the extent of hydrolysis per
enzyme is the number of accessible substrate molecsles (
Ns), which also corresponds to the number of phospholipids 11
present in the outer monolayer of a vesicle (Berg et al., 1991). PxB *DMPC DMPM
As discussed in detail elsewhere for DMPM vesicles, this
behavior is characteristic for the hydrolysis of vesicles in et !

the scooting mode where the enzyme bound to vesicles does orem PX? oy . .
not exchange with excess vesicles, nor do the substrate or 0 10 20 30 40
products of hydrolysis (Jain et al., 1995). Based on such time (min)

criteria, hydrolysis of DMPG and DMPA vesicles, as well Ficure 2: Effect of PxB on the reaction progress curves for the

as that of DMPS and DMPGly (results not shown), occurs hydrolysis of DMPM and DMPC vesicles under different sequences
in the highly processive scooting mode. of addition of the essential components. (Top) Reaction progress

- . curve for the hydrolysis of DMPM (952 nmol) vesicles in 4 mL of
As shown in Figure 1A, at the end of the reaction progress 45 1\ CaC}, 1 mM NaCl, and PxB (1.37 nmol) in the presence

for DMPG vesicles, hydr0|ySiS of excess vesicles is reini- (a) or absence (b) of DMPC (295 nmol) vesicles. Reaction was
tiated immediately after the addition of PxB. The extent of initiated by PLA2 (5 pmol). (Bottom) DTPM (300 nmot} E (36

hydrolysis in the second phase depends on the amount ofmol) + PxB (3 nmol)+ DMPM (1.3 umol).

PxB added, and at about 40 PxB molecules per vesicle

virtually all the substrate present in the outer monolayer of as the products of hydrolysis accumulate more enzyme binds
DMPG vesicles (about 65% of the total) is hydrolyzed. This and virtually all accessible DMPC is hydrolyzed. As shown
effect of PxB on the reaction progress for the hydro|ysis of in Figure 1B, DMPC vesicles added at the end of the reaction
DMPG is similar to that reported for DMPM vesicles (Cajal Progress are not hydrolyzed even after the addition of PxB,
et al., 1996). Essentially the same effect of PxB was which suggests that the substrate replenishment for the PLA2
observed with DMPS, DMPGly, and DMPBut vesicles bound to vesicles of the products of DMPC is not promoted
(results not shown). In analogy with the results with DMPM, by PxB.

such observations show that PxB promotes vesictsicle Possible origin of the inability of PxB to promote
exchange of these monoanionic phospholipids, i.e., at leastintervesicle exchange on DMPA or DMPC was investigated
qualitatively, PxB promoted exchange has little head group in detail by experiments designed on the basis of the
specificity for monoanionic phospholipids. Since the initial following rationale. The effect of PxB on the exchange of
rate of hydrolysis with the large vesicles in the absence of DMPM (Cajal et al., 1996) showed that the transfer of
PxB is the same as that in the presence of PxB, these resulthospholipids occurs through molecular contacts formed by
also show that for phospholipids with different head groups PxB between the vesicles. This requires that PxB must bind
the rate of exchange mediated by PxB is significantly faster to vesicles, that bound PxB forms the vesiclesicle
than the rate of their hydrolysis«B00 s1) which, at least ~ contact, and that the exchange occurs through such contacts.
in the case of DMPM vesicles, is limited by the chemical A defect in any of these three steps would result in the loss
step of the catalytic turnover cycle (Jain et al., 1992). of phospholipid exchange as monitored by the substrate

PxB mediates the exchange of monoanionic phospholipidsreplenishment assay (cf. Figure 1).
of different fatty acid composition. The rate of hydrolysis  As elaborated below by kinetic and spectroscopic methods,
is inversely proportional to the length of the fatty acids it is possible to discern the origin of the differences in the
(DMPM > DPPM > DSPM), and the chemical step of the effects of PxB described above. It may be remarked that,
catalytic cycle remains rate limiting. PxB has no effect on for the interpretation of the kinetic results, the order of
the hydrolysis of DMPA and DMPC vesicles. The basis addition of components is critically important for a proper
for the effect of PxB on DMPA or DMPC vesicles is distribution of the components on vesicles; random mixing
appreciably different, although in both cases the intervesicle of the components in the reaction mixture would lead to
exchange is not promoted. For example, as shown in Figureentirely different results. In fact, a strict sequence of addition
1A, PxB added at the end of the reaction progress for the of the components to a vigorously stirred reaction mixture
hydrolysis of DMPA vesicles does not initiate the hydrolysis forms a basis for several experiments described in this paper.
of excess vesicles. By the same criterion, the acidic Virtually a syllogistic interpretation of the sequence of
phospholipid cardiolipin (diphosphatidylglycerol) is trans- addition of components is necessary to arrive at a specific
ferred through PxB-mediated vesieleesicle contacts (re-  inference about the properties of the vesiclesicle ex-
sults not shown). Although each molecule of CL has change of phospholipids mediated by PxB. This is a
effectively two negative charges, the charges are apparentlynecessary consequence of the fact that, in a microscopically
sufficiently farther apart so as to be recognized as a pair of heterogeneous system, the local and global conditions can
molecules of monoanionic phospholipids by PxB rather than be very different, and the valid inference can only be derived
as a dianionic phosphate like DMPA. from the microscopic relations.

As shown in Figure 1B, hydrolysis of DMPC vesicles PxB Does Not Bind to DMPC Vesicle®inding of PxB
follows a complex course of reaction progress (Upreti & Jain, to DMPC vesicles could not be demonstrated under a wide
1980; Apitz et al., 1982; Jain et al., 1989; Jain & Berg, 1989). range of conditions. For example, as shown in Figure 2
Initially, the affinity of PLA2 for DMPC vesicles is poor, (top), the progress curve for the hydrolysis of DMPM
and the rate of hydrolysis is low during the latency period; vesicles (present as clusters in the presence of PxB) is not

(®)

—
50 nmol

Product
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Ficure 4: Poisson plot of InP, versus enzyme/vesicle ratio for
DMPA vesicles in the @) absence, slope 1.0G¥ 0.073, or ()

presence of 30 PxB/vesicle, slope 1.44%.168.P, is defined as
the fraction of the total hydrolyzable substrate that is not hydrolyzed.

Ficure 3: Effect of PxB on the hydrolysis of DMPM vesicles in
the presence of DTPA vesicles. DTPA (340 nmblPxB (0, 0.825,
and 1.65 nmol, curves a, b, and c, respectively). Control: curve d
is as in ¢ but no DTPA was added.

altered in the presence of DMPC vesicles. In this sequence
of addition, DMPC vesicles have no effect because all the .
enzyme and PxB is taken up by DMPM vesicles. If PxB vesicles. )

could bind to DMPC vesicles, it would not be available for PXB Does Not Form Functional Contacts between DMPA
the binding to DMPM vesicles added afterwards. On the Vesicles The effect'of P>'<B on the' Po[sson d|str|but|_on of
other hand, PxB and PLA2 bound to DTPM vesicles are not PLA2 on DMPA vesicles is shown in Figure 4. Both in the
available for the hydrolysis of DMPM vesicles (Figure 2, absence and in the presence of 30 PxB/vesicle, a slope of 1
bottom). Under these conditions, if PxB was not bound to @nd 1.4, respectively, is obtained, which shows that in both
DTPM, or if it could exchange between vesicles, it would cases thg random P0|_sson distribution of PLA2 leads to the
establish contacts between DMPM and DTPM vesicles, and NYdrolysis of one vesicle per enzyme (Berg et al., 1991).
resulting exchange would initiate hydrolysis of DMPM. For The slope of 1 in the absence of PxB indicates that the
additional controls, see Cajal et al. (1996). Results in Figuresme‘:ha”'sm of action or the state of aggregation of the
1B and 2 show that PxB does not promote transfer of DMPC enzyme on _DMPA |nterfa<_:e is not notlceably different than
to DMPC vesicles and that PxB added to DMPC vesicles is that seen with DMPM vesicles (Cajal et al., 1995, 1996). In
readily accessible to DMPM vesicles added subsequently.contraSt tq results with DMPM vesicles, the.fac,tt_that the_ slope
Other relevant controls for these experiments come from the ©f the Poisson plots does not change significantly in the
spectroscopic studies described later; however, results dePresence of PxB indicates that functional contacts between
scribed so far collectively show that cationic PxB does not PMPA vesicles leading to substrate replenishment are not
bind to zwitterionic DMPC vesicles, thus implying that formed.

hydrophobic interactions are not critical as such. Thisis an DMPC or DMPA Do Not Exchange through Functional
expected result, and it is also supported by independentPxB Contacts between Co-Vesicles Containing DMBivice

evidence (Zidovetzki et al., 1988; Sixl & Watts, 1985). In PXB mediates contacts between vesicles of DMPM or its

this context, it should be noted that colistin methanesulfonate products of hydrolysis by PLAZ2, the ability of such contacts
derivative does not support exchange of anionic or zwitter- t0 mediate exchange of other phospholipids present in co-
ionic phospholipids; it has only three positively charged Vesicles containing the contact-forming DMPM was exam-
y-amino groups of Dab. ined. For example, as shown in Figure 5, co-vesicles of
PxB Binds to DMPA VesiclesAs shown in Figure 1A,  DMPA containing 12 mol % DMPM form functional
hydrolysis of DMPA vesicles occurs in the processive contacts with other co-vesicles or with DMPM vesicles.
scooting mode; however, PxB does not promote transfer of Sequence A shows that all the available substrate in
excess DMPA to the enzyme-containing vesicles. This effect co-vesicles (both DMPA and DMPM) is hydrolyzed by the
is not due to a lack of binding of PxB to DMPA vesicles. €excess enzyme added initially. At the end of the reaction
As shown in Figure 3, the extent of hydrolysis of a mixture Progress, all the enzyme is bound and it is not available for
of DMPM vesicles and PLA2 added to PxB is largely due the hydrolysis of DMPM vesicles added afterward; however,
to formation of clusters (compare sequence d with a). The With PxB added last, DMPM from the excess vesicles is
extent of hydrolysis is relatively modest when the mixture transferred across the PxB contact formed with the PLA2-
is added to DTPA in the absence of PxB (sequence a) or incontaining co-vesicles, where both DMPM and DMPA have
the presence of PxB (sequences b and c¢). Control experi-been hydrolyzed.
ments (not shown but carried out under the conditions of Sequence B in Figure 5 shows that only DMPM s
sequence d) also showed that DTPA vesicles added duringtransferred across PxB contacts between co-vesicles of 12%
the reaction progress had no effect on the time course, whichDMPM in DMPA. PLA2 added to excess co-vesicles
suggested that DTPA is not spontaneously accessible to thehydrolyzes only a small fraction of vesicles, as expected on
enzyme-containing DMPM cluster. These results indicate the basis of Poisson distribution of enzyme over vesicles.
that PxB effectively binds to DTPA vesicles and that most However, PxB added after the cessation of hydrolysis causes
of the bound PxB is not available for making contacts additional hydrolysis which corresponds to the amount of
between DMPM vesicles where hydrolysis occurs. Based DMPM present in the outer layer of the excess vesicles
on these results alone, it is not possible to discern whether(curve a). As shown by curve b, the same amount of PxB

or not PxB bound to DTPA forms contacts with DMPM
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; Ficure 6: PxB induced changes in the intensity of’ 3@attered
PxB light at 360 nm as a function of mole fraction of PxB fok)(
DMPM DMPM (0.238 mM) in 10 mM Tris/1 mM EGTA, &) DMPM
PMPA ! (0.238 mM) in 10 mM Tris/1 mM EGTA/26 mM NaClJ) DMPA
E (0.244 mM) in 10 mM Tris/1 mM EGTA, and&) DMPA (0.244
’ mM) in 10 mM Tris/1 mM EGTA/26 mM NaCl.

, hydrolysis of DMPM vesicles or of 12% DMPM in DMPA

covesicles; however, in both cases the extent of hydrolysis
C OTPM i 7 after the addition of PxB corresponds only to the amount of
I b DMPM present in the reaction mixture, that is, DMPA is
PM:PA not transferred to the enzyme containing vesicles.

Specificity for the exchange of DMPC across PxB-
mediated vesiclevesicle contacts formed between DTPM
vesicles and co-vesicles of 12% DMPM in DMPC is shown
by sequence D (Figure 5). PLA2 on DTPM vesicles is not
available for the hydrolysis of the co-vesicles. If 0.1 mol
% PxB (relative to DMPM) is added, hydrolysis is initiated

a immediately and only DMPM in co-vesicles is hydrolyzed
(curve a). Surprisingly, however, at0.3% PxB, DMPC is

N also hydrolyzed with a time delay. Such a behavior is

e P8 expected if (hemi)fusion of vesicle has occurred under these

PM:PC . | . i
FiIGURE 5: PxB-mediated lipid transfer between co-vesicles moni- conditions. In this paper we have not examined this
tored by the reaction progress curves of hydrolysis under different pOSS|b|I|ty further. Contrql experiments showed that enzyme
sequences of addition. (A) DMPM/DMPA co-vesicles (60 nmol) added directly to co-vesicles hydrolyzed both DMPM and
were hydrolyzed with excess PLA2 (40 pmol), and then DMPM DMPC [see also Ghomashchi et al. (1991)].

vesicles (952 nmol) and PxB (22 nmol) were added sequentially. Spectroscopic Hdence for Apposition of Vesiclekinetic

(B) Curve a, hydrolysis of DMPM/DMPA co-vesicles (976 nmol) : . .
was initiated by PLA2 (19.8 pmol), and after cessation of the results summarized thus far are unique in the sense that they

hydrolysis PxB (11 nmol) was added to the reaction mixture; curve Provide a rapid and continuous method for monitoring

b, similar conditions as above but with DMPM (952 nmol) vesicles. selective and direct vesiclevesicle transfer of phospholipids

(ES?'\)AE}&AZ (238 p|m°'()3V§§s addll)?d to DTZQA ((j49f8t anI)d afn?l DMZ'\Q/ that are substrates for PLA2. This method therefore provides
co-vesicles nmol) were added afterward, followed by 3 o

PxB (9.3 nmol). As a control, it must be noted that addition of a steady f,tate 'r,m(ajas_ure OLthe phosphofl|p|d su_bstrate that the

PxB to a mixture of DTPM containing enzyme and DMPM induces ENZYMe “sees” during the course of reaction progress.

a fast substrate replenishment (dashed line). (D) To a mixture of Independent spectroscopic protocols were developed that not

DTPM (498 nmol) vesicles containing PLA2 (238 pmol) and only provide a measure of transfer of the probe phospholipid

DMPM/DMPC co-vesicles (298 nmol), PxB was added (0.582 and pt also could dissect the steps for the formation of vesicle

%&%RT:A&”;&Q"ESJP%‘_d b, respectively). BMDMPM, PA = vesicle contact and the transfer of phospholipids.

A change in the size of the particles is accompanied by a
added to DMPM vesicles allows hydrolysis of all the change in the turbidity. As shown in Figure 6, an increase
accessible substrate. These results show that DMPA presenin the 90 scattering of DMPM vesicles is observed in the
in excess co-vesicles is not transferred to the enzyme-presence of PxB. At any given mole fraction of PxB, the
containing co-vesicles. This interpretation is based on the increase is significantly larger with DMPM vesicles than it
assumption that vesicles of DMPM and DMPA behave the is with DMPA vesicles. The increase with DMPA is
same as those of their products of hydrolysis. The fact that Somewhat lower in the presence of NaCl, whereas salt has
exchange of DMPM with DMPM or with products of its no noticeable effect on the scattering change from DMPM
hydrolysis is indistinguishable has been shown independentlyvesicles.

(Jain et al., 1991; Cajal et al., 1996). Apposition of vesicles, whether or not they form functional
Selectivity for the exchange of DMPM, but not of DMPA, contacts, was also monitored by resonance energy transfer

through PxB-mediated contacts is also supported by sequenc€RET) that should occur if a vesicle containing the donor

C. PLA2 added to DTPM vesicles is not available for the NBD probe comes within the energy transfer distance of a

DTPM
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FIGURE7: Increase in the resonance energy transfer (RET) intensity Figure 8: Fluorescence intensity of pyrene monomer as a function
as a function of the mole fraction of PxB added to an equimolar of PxB mole fraction in a mixture vesicles of PyPM with DMPM
mixture of vesicles containing 0.6% NBD-PE or Rh-PE in DMPM  (4), PyPA with DMPA (»), co-vesicles of 12% DMPM in PyPA
(©), DMPA (2), and DMPA with 26 mM NaCl®). The total lipid with DMPM (0), and vesicles of PyPC with DMP®J. Bulk lipid
concentration was 81M in Tris 10 mM. (Inset) Change in RET  concentration was 1.2%M for Py-vesicles and 15%M for

after mixing vesicles containing 0.3% of both probes (1688 unlabeled acceptor vesicles, in 10 mM Tris, pH 8.0.
with excess unlabeled vesicles (84#) in 10 mM Tris, upon

addition of PxB: ©) DMPM, (4) DMPA. band (395 nm) increases as the probe is diluted due to its

exchange with phospholipids from vesicles in contact. As
shown in Figure 8, such an increase was observed on the
addition of PxB to a mixture of vesicles containing PyPM
with vesicles of DMPM, but not with pairs of vesicles of
PyPA/DMPA, or PyPC/DMPC, or (PyPADMPM)/DMPM.
These results are entirely consistent with the conclusion
that PxB-mediated functional vesielgesicle contacts are

vesicle containing the acceptor Rh probe. Results in Figure
7 were obtained by mixing vesicles containing NBD-PE

(0.6%) with vesicles containing Rh-PE (0.6%). The energy
transfer distance of this pair is about 50 A. No noticeable
increase in the RET intensity at 592 nm (rhodamine

emission) is seen on mixing of the vesicles. As shown in
Figure 7, an increase in the energy transfer signal was , :
observed in the presence of PxB, and a correspondingformed between DMPM and PyPM vesicles, V\_/hereas, in the
decrease (not shown) in the intensity was also observed a£@5€ 0f DMPA, PxB induces close apposition between
the emission from NBD (540 nm). The magnitude of the vesicles .(F_|gure 7), but functlonal contacts leading to
increase depends upon the mole fraction of PxB: however, Phospholipid exchange (Figure 8) are not formed. More

essentially the same magnitude of energy transfer is inducedSt1king is the observation that PyPA in co-vesicles with 12%
by PxB whether the probes are codispersed in the DMPM !:)MPM does not transfer the PyPA probe to DMPM vesicles

or DMPA matrix. The fact that a comparable increase in I the presence of PxB contacts. This is in agreement with
the RET intensity is observed in the two pairs of matrices the Kinetic results with co-vesicles of DMPA and 12%
(PM-PM, PA-PA) suggests that close apposition of vesicles PMPM shown in Figure 5.

is induced by PxB between DMPM or DMPA vesicles. ~ The presence of two negative charges in the head group
Formation of large clusters containing several vesicles at of DMPA, instead of only one in DMPM, apparently is not
~0.02 mole fraction PxB also accounts for a relatively large entirely responsible for the inability of DMPA to exchange

magnitude of the RET intensity~40% compared to that through PxB-mediated contacts. The PxB-mediated _Iipid
seen with the total mixing of the probes). These results are €xchange between DMPM and 12% DMPM/PyPA vesicles

entirely consistent with the kinetic results. was monitored at pH 5.2. Even under these conditions,

The possibility that the RET probes are mixed between Where DMPA is monoanionic, there was no significant
vesicles in close apposition is eliminated by results shown transfer of PyPA (data not shown). This suggests a more
in the inset to Figure 7, where ternary co-vesicles containing Complex nature for the mechanism of selectivity in the
both the donor and acceptor probes (0.3% each) with a matrixfunctional PxB contacts, possibly due to Kapchange in
lipid were mixed with an excess of DMPM or DMPA the phosphate head group complexed with PxB.
vesicles. In both cases, little change in the RET intensity at  Collectively, these results clearly show that phospholipids
592 nm was observed. A decrease is expected if the probegvith dianionic head group such as in DMPA or PyPA do
are diluted by lipid mixing (Struck et al., 1981), and such not exchange through vesielgesicle contacts mediated by
an effect was indeed seen at higher mole fraction of PxB PxB. Also, DMPC and other lipids with probes (dansyl-,
where (hemi)fusion occurs. NBD-, or rhodamine-) in the head group region of the

Spectroscopic Hdence for Specificity for the Phospholipid ~phospholipid do not cross the contact. On the other hand,
Exchange Having shown that PxB binds to DMPA vesicles, probes (NBD, pyrene) attached to the acyl chain of monoan-
and that these vesicles are apposed in the presence of PxBonic phospholipids are transferred (results for NBD are not
the spectroscopic evidence described next shows that funcshown).
tional vesicle-vesicle contacts are not formed between Lysophospholipids Do Not Perturb the PxB-Mediated
vesicles of phosphatidic acid. Transfer of phospholipids Exchange of PhospholipidsThe possible effect of lyso-
across PxB contacts was monitored as the change in thephospholipids in the PxB-mediated phospholipid exchange
fluorescence intensity of pyrene-labeled phospholipids. Emis- was evaluated by means of the fluorescence assay using a
sion from vesicles of pyrene-phospholipid is dominated by mixture of PyPM and DMPM vesicles. Exogenous lyso-
the excimer band (480 nm), and the intensity of the monomer phospholipids (LPC, LPM, or LPA) were added to DMPM
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A Table 1: Ksy, the Stern-Volmer Quenching Constants (M) for
the Quenching of Phenylalanine (a®) Fluorescence by lodide
and Acrylamide in Different Environments

° :@ conditions KR acrylamidé
2’s Phe (free) 63.3 43.8
§ - PxB (free) 177.3 53.4
o5 60:1 DMPM/PxB 26.2 87.5
g & 200:1 DMPM/PxB 57.0 70.0
i 60:1 DMPA/PXB 46.5 47.6
N 200:1 DMPA/PxB 68.8 70.8

a All intensity values are corrected for turbidity and for inner filter
effect before plotting (Figure 9B).

275 300 325 350
Emission (nm) emission from PxB on DMPM vesicles. A key observation
is that the fluorescence of PxB in buffer is readily quenched
by iodide Ksy is higher than that for free phenylalanine;
see Table 1). This is expected because polycationic PxB
would facilitate the binding of iodide. On the other hand,
PxB bound to DMPM vesicles is-37-fold less accessible
to iodide. There are two possible reasons for this differ-
ence: either the phenylalanine residue is shielded in the
bound form of PxB or the negatively charged iodide is
shielded from the bound PxB at the negatively charged
surface of the vesicle. Results on quenching of phenylalanine
by acrylamide support the second possibility. As sum-
marized in Table 1, the SteriVolmer constant for quench-
s . ing by acrylamide does not change significantly on the
0 5 10 15 binding of PxB to the interface. These results show that
KL (mM) PxB bound to DMPM vesicles and in vesieleesicle
Ficure 9: Quenching of PxB fluorescene. (A) Fluorescence contacts remains accessible from the aqueous phase; the
emission spectra of PxB (5fM) in the presence of DMPM vesicles  possibility that the quencher promotes the removal of PxB

(2.75 mM) before (a) and after (b) addition of Kl (13.3 mM). : A
Spectra are corrected for turbidity and Raman contribution of the from the vesicles was ruled out by kinetic protocols of the

buffer as described in Experimental Procedures. (B) Stéoimer type shown in Figure 5. Thus it can be concluded that PxB

plots showing the phenylalanine quenching of&0 PxB in buffer in the contacts is not included inside a micellar or an

(2) and in the presence of DMPM vesicles at DMPM/PxB mole hexagonal phase particle where it will become inaccessible

ratio 200:1 ) and 60:1 @), by the aqueous quencher Excitation from the bulk aqueous phase.

was set at 256 nm, and emission was recorded at 282 nm; excitation . - .

and emission band passes were 4 nm. The magnitude of iodide quenching appears to depend on
the lipid/peptide ratio (Figure 9B). At DMPM to PxB mole

vesicles 5 min before the addition of PyPM vesicles, so that ratio of 200:1 (or at 30 PxB/V, where all PxB is in vesiele
the lysophospholipid is incorporated mainly in the outer Vesicle contacts: PxBorm), quenching is less efficient than
monolayer of the DMPM vesicles (Jain et al., 1985). Inother that at 60:1 mole ratio (or at 100 PxB/V, where some PxB
experiments, DMPM was sonicated in presence of the would be in contacts and the rest bound to the vesicle but
lysophospholipid to ensure its incorporation in both inner not in contact: PxBform). This difference was not seen
and outer monolayers. At 4.2 mol % lysophospholipid, the With acrylamide quenching. An interpretation that reconciles
time course of the change in the pyrene fluorescence wasPoth results is that phenylalanine of PxB bound to DMPM
recorded after the addition of PxB (0.43 mol %), with a time Vesicles remains completely accessible to agueous phase (see
resolution of 0.5 s. No differences in the rate of fluorescence acrylamide results), but PxB at the interface exists in two
increase were observed with any of the lysophospholipids forms (PxB and PxB) neutralized by the anionic surface
assayed; in all cases, the increase of fluorescence after Px®f the vesicles to a different extent. This will reflect in
addition was virtually instantaneous and indistinguishable different iodide quenching efficiencies, simply because iodide
from the controls without additive. These results show that iS shielded from the peptide by the negatively charged
the lipids with propensity to change the surface curvature phospholipid headgroups.
do not influence the kinetics of exchange and therefore the When the same experiment was carried out with DMPA
functional properties of the PxB-mediated intervesicle con- vesicles (Table 1), essentially the same results were ob-
tacts. tained: bound PxB remains accessible to acrylamide and
Bound PxB Is Accessible from the Aqueous PhaBee iodide quenching, but in this case the Stekflmer
fluorescence emission spectrum of PxB does not changeconstants for iodide seem to be independent of the lipid to
significantly on binding to anionic vesicles. The degree of PxB ratio, as if only one form of PxB exists in DMPA
exposure of bound PxB was monitored as quenching of vesicles.
fluorescence emission from phenylalanine at 282 nm by two  The Chemical Reacity of PxB-Amino Groups is Different
aqueous quenchers, iodide and acrylamide. An examplein DMPM or DMPA Vesicles.Additional information about
of typical spectra of PxB bound to DMPM vesicles before the accessibility of PxB at the interface was obtained by
and after addition of iodide is shown in Figure 9A. Stern  monitoring the chemical reactivity of its free amino groups
Volmer plots in Figure 9B show the effect of iodide on the toward TNBS from the bulk aqueous phase. The progress

F/Fo




5692 Biochemistry, Vol. 35, No. 18, 1996 Cajal et al.

5F 1, or 20 PxB/V, and 40 PxB/V, respectively), only two of
(a) the five amino groups are available to TNBS, with different

4l reactivities: one (species B) around 30 or 50 s, and the other
(species C) withy, around 280 s. Also under the conditions

3 (b) where excess PxB is present, and thus at least some PxB

can be in the bound form but not involved in intervesicle
contacts (PxB as at DMPM/PxB 40:1, only two amino
groups are derivatized with TNBS; apparently both are
equally exposed, witlyc = 200 s.
1H When the same experiment was carried out with DMPA
vesicles, where PxB cannot form functional intervesicle
. l , contacts for the transfer of phospholipids, the number of
0 1000 2000 3000 4000 susceptible amino groups was three (Figure 10, curve b).
time (sec) The additional amino group that is not modified in PxB
FiGURE 10: Reaction progress for the modification of PxB amino bound to DMPM belongs to the slow-reacting species C,
groups by TNBS: (a) PxB in buffer, (b) PxB with DMPA vesicles, with tu;zc ~ 1000 s (Table 2). These results clearly show
(c) PxB with DMPM vesicles. Lipid concentration, 1.5 mM; PxB,  that PxB in its two bound forms is accessible from the bulk
10uM. aqueous phase; however, the chemical reactivities of the

- — — - amino groups are appreciably altered.
Table 2: Changes in the Extinction Coefficient (halftime for . .
Modification in Seconds) at 420 nm on Incubation of PxB (1) Bound PxB Exists in Two Form<:D spectra of 134M

with TNBS (10 mM) at 25°C PxB in 10 mM Tris at pH 8 is shown in Figure 11A. Itis
dominated by a cross point at 188 nm, a strong band centered

Modified Amino Groups

0

a b

A B c ne- at 198 nm, and a shoulder at 217 nm. The magnitude of
PxB 37(7330 5) 23204 (32s) 31942 (196s) 4.64 ellipticity and the presence of the shoulder indicate an ordered
1:300 PxB/DMPM 16 896 (29s) 20186 (260s) 1.85 Structure of PxB in aqueous solution, with a significant
1:150 PxB/DMPM 20973 (49s) 18501(294s) 1.97 contribution of random coil or another rigid conformation
1:40 PxB/DMPM 39393 (199s) 1.96  (Shinnar et al., 1993). The same spectrum was obtained at
LopEDUTY %0079 E20BU0S 994 bt 12, where al the amino groups are deprotonated. A
1:40 PXB/DMPA 56882 (806 ') 2.8 significant induction of secondary structure in PxB is seen

aA, B, andC are the extinction coefficients (M) for the three different Up.o.n bmﬂl.?g to ZnOesE;atlvely ghﬁrged DMP_M VGSISES: thle
species of amino groups in PxB with different reactivity to TNBS. minima shiits to nm, and the cross point to nm. in

b Number of amino groups that have reacted with TNBS. addition, the magnitude of ellipticity of the spectra varies as
a function of the lipid concentration, decreasing with

curves for the modification of PxB under different conditions increasing lipid ratio from 24:1 to 238:1 (Figure 11A). This
are shown in Figure 10. Such curves were analyzed by decrease in spectral intensity upon dilution of the peptide at

iterative least-squares fit to the bilayer surface is indicative of a conformational change
affecting the peptide backbone. According to previous
y=A+B[l—-e+Cl1-e observations (Cajal et al., 1995, 1996), the ability of PxB to

form intervesicle molecular contacts for the exchange of

HereB andC are the extinction coefficients corresponding phospholipids (PxB is maximum at around 30 PxB
to two different classes of amino groups with half timgs)( molecules per vesicle, which corresponds to a lipid/peptide
0.69D and 0.69, respectively. The residuals were exam- mole ratio of 200:1. Accordingly, the CD spectra obtained
ined to ascertain goodness of fit and systematic departure.at 238:1 mole ratio corresponds to the RzBecies, whereas,
Fits were judged to be good within 1%. In the case of free with decreasing lipid ratio, the contribution from PxB bound
PxB (Figure 10, curve a), the progress curve could be to the interface (Pxg, but not in contacts, increases. The
resolved into three components: the first component (speciesdifference spectrum corresponding to Rx@urve e-b in
A), corresponds to the modification of about two amino Figure 11B) was generated by subtracting the spectrum of
groups € = 37 700 Mt cm™%) with ty, of less than 10 s.  PxB/DMPM at 1:24 mole ratio from the one in PxB/DMPM
The rest of the progress curve showed the presence of twoin 238:1 ratio. Similarly, a spectrum for the Px®rm (b-
other classes of modifiable amino groups: one=(23 200 a) was obtained by subtracting the spectrum of PxB in buffer
M~t ecm™Y) with aty, of less than 32 s (species B), and 1.6 from that in PxB/DMPM at 1:24 ratio.
amino groups { = 31942 Mt cm™?) with t;, = 195 s Although we cannot yet assign a secondary structure
(species C). Such parameters obtained under a variety ofresponsible for the spectra shown in Figure 11, they certainly
conditions at different PxB/lipid ratios are summarized in are not due to a random coil structure. The band corre-
Table 2, and the most significant conclusions are developedsponding to the PxBform (e-b) is reminiscent of #-turn
below. structure, with a maxima around 202 nm and a minima at

TNBS does not penetrate lipid membranes; however, the 184 nm, whereas the band corresponding to fs@Bm
reactivity of the amino groups to TNBS changes with the (b-a) has a maximum at around 191 nm and a minima at
environment and accessibility. PxB bound to vesicles of 207 nm. No changes in the CD spectra are observed on the
DMPM does not show the fast-reacting amino groups with addition of PxB to DMPM vesicles at pH 12, thus indicating
t12 below 10s. seen with PxB in buffer, and only two of that the positive charges are necessary for the structural
the five amino groups are derivatized (Figure 10, curve c). changes in PxB associated with its binding to anionic
Under the conditions where all PxB is present in intervesicle vesicles. It may also be noted that the CD signal of colistin
contacts, i.e., the PxBorm, (DMPM/PxB= 300:1 and 150: methanesulfonate derivative corresponds to a random coil
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Ficure 11: (A) Circular dichroism spectra of PxB (134) in

the presence of DMPM vesicles at lipid to PxB mole ratios: 0:1
(@), 24:1 (b), 60:1 (c), 119:1 (d), and 238:1 (e). (B) Difference
spectra for PxB in DMPM at high lipid ratio (e-b) (PxB is in the
contact form) and at low lipid ratio (b-a) (PxB is in the bound form,
see text). (C) Difference spectra for PxB in DMPA at the same
mole ratios as in panel B. Mean residue molar elliptici#} i in

deg cn? dmol 1.
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Table 3: Specificity for the PxB-Mediated Exchange of
Phospholipids: Three Sequential Steps That Lead to Formation of a
Functional Intervesicle Contact Are Dissected

PM:PA/PM PM:PC/
PM/PM! PA/PA PM:PA/PM:PA PC/PC PM
binding? + + + -+
appositiof + + + -+
exchange + - + PM — PA - +PM-PC

aBinding of PxB to the lipid vesible determined by kinetic and
spectroscopic experimentsApposition between vesicles determined
by 9C light scattering and RET. Exchange of phospholipids between
vesicles is measured by kinetics of hydrolysis by PLA2 and fluorescence
spectroscopy (pyrene) Results are extensible to different monoanionic
phospholipids (DMPM, DPPM, DSPM, DMPG, DMPGIly, DMPBut,
DMPS).ePC can be transferred when PxB mole fractior~i8.3%
(relative to DMPM).

DISCUSSION

Studies in this paper are designed to dissect three steps
that lead to the formation of a functional intermembrane
molecular contact mediated by PxB: binding of PxB,
apposition of vesicles which may or may not involve
formation of a functional contact between vesicles, and
exchange of phospholipids through the molecular contact.
As summarized in Table 3, results obtained with different
protocols are useful in dissecting steps that lead to the
formation of a functional contact. A striking conclusion of
this study is that PxB contacts formed between co-vesicles
containing the contact-forming DMPM with DMPA or
DMPC permit exchange of DMPM but not of the other
phospholipid. This raises interesting possibilities about the
mechanistic significance and the structural basis for the
selectivity. The reason for a lack of binding of polycationic
PxB to zwitterionic interface is most probably the lack of
the necessary electrostatic interaction. That PxB binds to,
but cannot transfer, DMPA is particularly striking, because
it implies that PxB bound to DMPA vesicles is in a different
molecular state than that on vesicles of monoanionic phos-
pholipids like DMPM, as supported by chemical and
spectroscopic evidence. Besides extending the syllogistic
foundations of interfacial catalysis and equilibria, the novel
molecular phenomenon underlying the properties of PxB
contacts has broad implications. As developed elsewhere
(Cajal et al., 1995; Cajal & Jain, 1996), properties of PxB
contacts provide a novel basis for its antibiotic activity by
scrambling the phospholipid composition of the membranes
surronding the periplasmic space in Gram-negative organ-
isms. Such a mode of action is not expected to be overcome
by stable genetic resistance. Two additional implications

peptide in buffer, and no changes are observed in presencef the peptide-mediated contacts are discussed below.

of DMPM.

The CD difference spectra resulting from the binding of
PxB to DMPA vesicles are shown in Figure 11C. At low
lipid to PxB ratios (e.g., 24:1), the difference spectrum
(b-a) is comparable to those obtained in DMPM under

Properties of PxB-Contact Are Different Than Those of
“Stalk”. Our working model for the structure of the PxB
contact is shown in Figure 12, where its structural features
are compared with those of a “stalk”, the putative intermedi-
ate of membrane fusion (Chernomordik & Zimmerberg,

comparable conditions. On the other hand, the difference 1995; Markin et al., 1984; Siegel, 1993). Despite obvious
spectra (e-b) corresponding to high lipid to PxB ratio (238: similarity in their structural conceptualization, functional
1) with these two lipids are noticeably different in shape differences may be emphasized. The model for contact is
and magnitude, indicating that PxBrm in DMPM does consistent with observations that the contacts are formed by
not adopt the same structure in DMPA. As expected, no a small number of PxB molecules, possibly six per contact
change in the secondary structure of PxB is induced by (Cajal et al., 1996), that PxB in the contact remains exposed
zwitterionic DMPC (result not shown). These results clearly to the solvent (quenching and chemical modification experi-
show that the molecular conformation of PxB changes in ments), and that the bilayer structure is maintained (kinetic
different ways under different conditions at the interface. and fluorescence results). The fact that the bilayer organiza-
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b The heuristic and multistep character of the process of
fusion between two membranes is emphasized by the various
models that are being actively debated (White, 1992; Siegel,
1993; Schweizer et al., 1995; Vogel et al., 1993). The steps
that have been described by consensus are the apposition or
docking of membranes and the final fused membrane.
Sincethe intermediates of fusion are believed to be of a highly
transient nature, there is little experimental data on the
molecular organization of the structures involved. Neverthe-
less, two types of intermediates have been proposed in the

literature: the inverted micellar intermediate (Siegel, 1984,
\A 1986a,b; Verkleij et al., 1979) and the stalk fusion intermedi-
ate (Chernomordik & Zimmerberg, 1995; Markin et al., 1984;
Siegel, 1993). The inverted micellar intermediate cannot
) account for the observed fusion behavior of most lipid
a systems, whereas there is a great deal of data that favors the
stalk as a likely intermediate for fusion. The stalk is a

MWM% semitoroidal structure that forms between the two apposed
c d membranes and makes the contacting monolayers continuous,
_ o so that there is lipid mixing or hemifusion. The stalk is
Ficure 12: Schematic models for the hypothetical intermembrane thermodynamically transient, and it expands radially leading

interactions through PxB contacts or through “stalk”. The cross- . . : .
section of bilayers are shown with two different species of (O the formation of a fusion pore. While emphasizing such

phospholipids to emphasize exchange through contacts and mixingdifferences, we propose that PxB contacts are new species
through stalks. (a) Two membranes come in close apposition. (b) different than any of the fusion intermediates postulated thus
Working model for the molecular structure of PxB contacts where far, First, as shown experimentally, the PxB-mediated
a complex formed by six PxB molecules brings together the outer ., acts are thermodynamically stable, and the exchange of
monolayers of two vesicles, and phospholipids from the apposed lecul in th d | h h th
monolayers selectively exchange through the opening in the middle molecu e; presen_t in the apposmg_monq ayerst roug these
of the contact. (c) Stalk, putatively the first intermediate for contacts is selective. Another critical difference is that the
(hemi)fusion, brings in contact the two apposed monolayers. (d) A stalk is a rate-limiting intermediate of membrane fusion,
fusion pore formed from an expanded stalk as the probability of a whereas the formation of PxB contacts is very rapid.
chance contact between the inner monolayers increases. Differences between stalk and peptide contact do not stop
here. Formation of the stalk intermediate is influenced by
the membrane lipid composition (Chernomordik & Zimmer-

tion is not altered by PxB suggests that all mechanisms
invoking formation of soluble complexes of PxB with lipid berg, 1995). For example, micelle-forming lipids like

may be eliminated from_ con5|derat|c_m_ _Slmllarly, a_II mech- lysophospholipids inhibit fusion (Chernomordik et al., 1993;
anisms based on fusion or hemifusion of vesicles are e et al., 1993), probably due to the fact that their positive
discounted because the intermembrane transfer of phosphog,ontaneous curvature is unfavorable for the formation of
lipid through these contacts is selective, and lipid-mixing o negatively curved stalk (Kozlov & Markin, 1983). We
does not occur. Results reported here also show that thenaye observed that the rate of lipid exchange through PxB-
presence of additives (e.g., lysophospholipids) that preventyegiated contacts between DMPM vesicles is not affected
the formation of nonbilayer structures (Chernomordik et al., py the presence of 4 mol % lysophospholipids, thus sug-
1993; Vogel et al., 1993; Kozlov & Markin, 1983) do not  gesting that the transfer through PxB contacts is relatively
play a role in the formation or function of the PxB contacts. independent of the spontaneous curvature of the bulk lipid
The fact that PxB in the contacts is accessible to quenchersyopylation.

and chemical reagents from the aqueous phase also rules out proteins as Agents for Direct Intermembrane Transfer of
the possibilities that invoke formation of intermembrane ppogpholipids. The phenomenon described here has some
particles and related structures based on inverted micellesyroad implications with significant bearing on several cellular
and hexagonal phase. This is because PxB sequestered igrocesses. Peptide-mediated selective intermembrane trans-
such particles would not be readily acce_ssible frpm the bulk fer or exchange of phospholipids without (hemi)fusion of
aqueous phase. These results along with the difference CDmembranes is implicated in several cellular processes. In
spectra (Figure 11) clearly show that specific molecular eykaryotic cells, there are different intracellular membranes
interactions of several PxB molecules with vesicles is most wjith different composition and function. Only a part of this
probably responsible for the formation of a complex that diversity is due to asymmetric distribution of proteins and
mediates selective exchange of phospholipids. Within ipids (Krebs et al., 1979; Op den Kamp, 1979). This
constraints of these observations, an attractive possibility is diversity is necessary for the viability of the cell, and,
that a torus of six PxB molecules forms the contact (Cajal therefore, it must be regulated. Nevertheless, production of
etal., 1996). Asimplied in Figure 12, PxB is not a “catalyst’ phospholipids and proteins is often centralized in few
but an integral part of a stable functional contact. Such a locations inside the cell: for example, most of the phospho-
role of PxB-mediated vesictevesicle contacts is dramatically  lipids are formed in the endoplasmic reticulum. Obviously,
different than that invoked in the properties of a transient the cell must have an efficient mechanism for trafficking
“stalk” or TMC (transmonolayer contact), whose formation and sorting of proteins and lipids (Moreau & Cassagne, 1994)
is driven by the curvature propensities of the component to maintain this diversity. Two nonexclusive processes have
lipids. We are pursuing the mechanistic basis of such been implicated (Longmuir, 1987): specific phospholipid-
possibilities. transfer proteins (Dawidowicz, 1987; Wirtz, 1991) and
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membrane flow either by diffusion through connections

between membranes or by vesicle transport (Morre 1979).
Vesicular membrane traffic and fusion between membranes

is also implicated in many other physiological functions, i.e.,

Biochemistry, Vol. 35, No. 18, 1996695

Ferro-Novick, S., & Jahn, R. (1994ature 370 191—-193.

Fields, R. (1972Methods Enzymol. 2564-468.

Ghomashchi, F., Yu, B.-Z., Berg, O. G., Jain, M. J., & Gelb, M.
H. (1991)Biochemistry 307318-7329.

Hoekstra, D. (1990). Bioenerg. Biomembr. 2421-125.

intracellular membrane fusion events occur during movement Hughson, F. M. (1995Lurr. Opin. Struct. Biol. 5507—-513.

of secretory material between the stacks of the Golgi

Jain, M. K., & Berg, O. (1989Biochim. Biophys. Acta 100227—

apparatus, exocytosis of neurotransmitters and hormones, 196.

endocytosis, viral infection, cell division, fertilization, etc.

Jain, M. K., Jahagirdar, D. V., VanLinde, M., Roelofsen, B., &
Eibl, H. (1985)Biochim. Biophys. Acta 81856—364.

For example, secretory vesicles are retrieved after exocytosisgain, M. K., Rogers, J., Jahagirdar, D. V., Marecek, J. F., &
without intermixing between vesicles and plasma membrane Ramirez, F. (1986aBiochim. Biophys. Acta 86@135-447.

components; this is possibly due to the rapidity of the
retrieval or to the absence of complete lipid fusion (Valtorta
& Befenati, 1995; Bergeron, 1973).

Jain, M. K., Maliwal, B. P., de Haas, G. H., & Slotboom, A. J.
(1986b)Biochim. Biophys. Acta 86@48-461.

Jain, M. K., Rogers, J., Marecek, J. F., Ramirez, F., & Eibl, H.
(1986¢c)Biochim. Biophys. Acta 86@162—474.

To recapitulate, PxB-mediated molecular contacts are jain, M. K., Yu, B.-Z., & Kozubek, A. (1989Biochim. Biophys.

attractive prototype for selective intermembrane transfer of

phospholipids. Specificity for the structure of the lipid head
group is particularly interesting in this context because lipids

sorted for head group could be tailored for the acylchains

by acyltransferases present in specific organelles.
mechanisms conferring regulation and specificity for the
intracellular transfer of phospholipids have not been articu-
lated, yet it is widely accepted that proteins play a funda-
mental role in membrane fusion by fulfilling two basic re-

quirements: cross-linking and destabilization of bilayers
(White, 1992; Zimmerberg, 1993; Hoekstra, 1990). Specific
proteins are involved in facilitation of merging of lipid

membranes, target selection, and fusion regulation (Ferro-

Novick & Jahn, 1994; Hughson, 1995; Schweizwer et al.,
1995). We do not know yet which step in the membrane

Acta 980 23—32.

Jain, M. K., Rogers, J., Berg, O., & Gelb, M. H. (1991)
Biochemistry 307340-7348.

Jain, M. K., Yu, B.-Z., Rogers, J., Gelb, M. H., Tsai, M.
Hendrickson, E. K., & Hendrickson, S. (199Rjochemistry 32

The 7841-7847.

Jain, M. K., Gelb, M. H., Rogers, J., & Berg, O. G. (1998¢thods
Enzymol. 249567-614.

Kozlov, M. M., & Markin, V. S. (1983)Biofizika 28 255-261.

Krebs, J. J. R., Hauser, H., & Carafoli, E. (1970)Biol. Chem.
254, 5308-5316.

Kubesch, P., Boggs, J., Luciano, L., Maass, G., &rihuler, B.
(1987) Biochemistry 262139-2149.

Longmuir, K. J. (1987 Curr. Top. Membr. Transp. 2929-174.

Lorey, E., Lami, H., & Laustrait, G. (197 Bhotochem. Photobiol.
14, 411421

Markin, V. S., Kozlov, M. M., & Borovjagin, V. L. (1984)Gen.
Physiol. Biophys. 5361—370.

fusion cascade, if any, corresponds to the PxB contacts, norMoreau, P., & Cassagne, C. (19®ipchim. Biophys. Acta 1197

do we know if a contact is a precursor or analog of the stalk.
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