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ABSTRACT: Recently, rat liver nonspecific lipid transfer protein (nsLTP) was shown to form a fluorescent
complex when allowed to equilibrate with self-quenching vesicles prepared from the fluorescent phospholipid
1-palmitoyl-2-[12-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]dodecanoyl]phosphatidylcholine (P-C,,-NBD-PC)
[Nichols, J. W. (1987) J. Biol. Chem. 262, 14172-14177]. Investigation of the mechanism of complex
formation was continued by studying the kinetics of transfer of P-C,,-NBD-PC between nsLTP and
phospholipid vesicles using a transfer assay based on resonance energy transfer between P-C,,-NBD-PC
and N-(lissamine rhodamine B sulfonyl)dioleoylphosphatidylethanolamine. The principles of mass action
kinetics (which predict initial lipid transfer rates as a function of protein and vesicle concentration) were
used to derive equations for two distinct mechanisms: lipid transfer by the diffusion of monomers through
the aqueous phase and lipid transfer during nsLTP-membrane collisions. The results of these kinetic studies
indicated that the model for neither mechanism alone adequately predicted the initial rates of formation
and dissolution of the P-C,,-NBD-PC~-nsLTP complex. The initial rate kinetics for both processes were
predicted best by a model in which monomer diffusion and collision-dependent transfer occur simultaneously.
These data support the hypothesis that the phospholipid—-nsL TP complex functions as an intermediate in
the transfer of phospholipids between membranes.
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Kinetics of Fluorescent-Labeled Phosphatidylcholine Transfer between Nonspecific

Nonspeciﬁc lipid transfer protein (nsLTP)! stimulates the
transfer of a wide range of lipids between membranes (Bloj
& Zilversmit, 1977, 1981). Recently, nsLTP was shown to
form a water-soluble phospholipid—nsLTP complex when al-
lowed to equilibrate with bilayer vesicles prepared from
fluorescent-labeled phospholipid, P-C,,-NBD-PC (Nichols,
1987a). Prior to this observation, attempts to demonstrate a
phospholipid—nsL TP complex using radiolabeled phospholipids
and traditional separation techniques failed (Crain & Zil-
versmit, 1980; Van Amerongen et al., 1985), and as a result,
nsLTP was proposed to function by mechanisms not involving
the direct binding of phospholipids. For example, nsLTP has
been proposed to function by the formation of a ternary
complex between nsLTP and the donor and acceptor mem-
branes which would facilitate the rapid intermembrane transfer
of lipids (Van Amerongen et al., 1985; Altamura & Lan-
driscina, 1986; Megli et al., 1986). Alternatively, nsLTP has
been proposed to bind to membranes and increase the rate of
lipid dissociation into the water phase (Thompson, 1982;
Nichols & Pagano, 1983). The demonstration that nsLTP
binds phospholipids suggests that the resulting phospholipid—-
nsLTP complex may mediate the intermembrane transfer. The
observation that the thiol reagent mersalyl blocks both nsLTP
binding of phospholipids (Nichols, 1987a) and its ability to
stimulate intermembrane phospholipid transfer (Van Amer-
ongen et al., 1985; Megli et al., 1986) lends further support
to this hypothesis.

The aim of this paper is to study kinetically the mechanism
of transfer of phospholipids from vesicles to nsLTP and from
nsLTP to vesicles. These two processes can be considered the
half-reactions for intermembrane phospholipid transfer me-
diated by the phospholipid—nsL TP complex. Resonance energy
transfer between P-C,,-NBD-PC and N-Rh-PE (Nichols &
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Pagano, 1982, 1983) was used to study the kinetics of transfer
of P-C,,-NBD-PC from P-C,,-NBD-PC-nsLTP complexes
to vesicles containing /N-Rh-PE and vice versa. The principles
of mass action kinetics were used to derive equations which
predict initial lipid transfer rates as a function of protein and
vesicle concentration for two distinct mechanisms of transfer:
(1) lipid transfers by the diffusion of monomers through the
aqueous phase; (2) lipid transfers during nsLTP-membrane
collisions. The results of these kinetic studies indicated that
the model for neither mechanism alone adequately predicted
the initial rates for both formation and dissolution of the
complex. The initial rate kinetics were predicted best for both
cases by a model in which monomer diffusion and collision-
dependent transfer occur simultaneously. These data support
the hypothesis that the phospholipid—nsLTP complex mediates
the transfer of phospholipids between membranes. A prelim-
inary report of the work has appeared elsewhere (Nichols,
1987b).

EXPERIMENTAL PROCEDURES

Materials and Routine Procedures. Dioleoyl-
phosphatidylcholine (DOPC) and P-C,,-NBD-PC were pur-
chased from Avanti Biochemical Corp. P-C,,-NBD-PE was
prepared from P-C,,-NBD-PC by using phospholipase D
(Comfurius & Zwaal, 1977). N-Rh-PE was synthesized and
purified as previously described (Struck et al., 1981). Phos-
pholipids were stored at ~20 °C, periodically monitored for
purity by thin-layer chromatography, and repurified when
necessary. Phospholipid concentrations were determined by

! Abbreviations: nsLTP, nonspecific lipid transfer protein; P-C,,-
NBD-PC, 1-palmitoyl-2-[12-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-
dodecanoyl]phosphatidylcholine; P-C,,-NBD-PE, 1-palmitoyl-2-[12-
[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]dodecanoyl] phosphatidyl-
ethanolamine; N-Rh-PE, N-(lissamine rhodamine B sulfonyl)dioleoyl-
phosphatidylethanolamine; DOPC, dioleoylphosphatidylcholine; HBS,
HEPES-buffered saline, 0.9% NaCl in 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), pH 7.4.

0006-2960/88/0427-1889%01.50/0 © 1988 American Chemical Society



1890 BIOCHEMISTRY

a lipid phosphorus assay (Ames & Dubin, 1960). Protein was
assayed with fluorescamine (Roche Diagnostics).

Vesicle Preparation. Lipids were mixed in desired pro-
portions and their storage solvents removed by evaporation
under nitrogen followed by a minimum of 4 h of vacuum
desiccation. Vesicles were prepared by ethanol injection
(Kremer et al., 1977) as follows, Dried phospholipids were
dissolved in ethanol, injected into HBS at room temperature,
and dialyzed against 4 L of HBS overnight at 4 °C. Ethanol
never exceeded 5% of HBS by volume, and the phospholipid
concentration in ethanol never exceeded 20 mM. The resulting
vesicles were used on the day following injection.

Purification of Nonspecific Lipid Transfer Protein. nsLTP
was purified from rat liver as previously described by Poorthuis
et al. (1981). Further purification was obtained by heating
the protein solution for 5 min at 95 °C followed by chroma-
tography of the active fractions on an octylagarose column
(Crain & Zilversmit, 1980). The active fractions were eluted
with pH 2 buffer and immediately titrated to pH 7. Purity
of nsL TP was indicated by the detection with Bio-Rad silver
stain of a single 12 500 molecular weight band following so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis.
Purified nsLTP was stored at § °C in buffer containing 5 mM
sodium phosphate, S mM @-mercaptoethanol, and 0.04% so-
dium azide, pH 7.0, diluted 1:1 with glycerol. Activity of the
fractions was assayed by measuring the rate of protein-stim-
ulated transfer of P-C,,-NBD-PE between DOPC vesicles
using a fluorescent assay based on resonance energy transfer
between N-Rh-PE and P-C,,-NBD-PE (Nichols & Pagano,
1983).

Fluorescence Measurements. Fluorescence was recorded
from a Perkin-Elmer MPF-44E fluorescence spectrometer.
The analog output from the fluorometer was recorded on a
chart recorder and simultaneously digitized and stored at 4
Hz on an IBM PC-XT. Solutions in the cuvette were mixed
with a magnetic stirrer, and the temperature was controlled
by a circulating water bath.

The fluorescence yields (relative fluorescence per mole) of
P-C,,-NBD-PC bound to nsLTP and as a low mole fraction
of DOPC vesicles were determined as demonstrated previously
(Nichols, 1987a). The fluorescence yield in DOPC is obtained
directly by measuring the fluorescence of a known amount of
P-C,,-NBD-PC in DOPC vesicles. The fluorescence yield of
P-C,,-NBD-PC bound to nsLTP is determined indirectly by
measuring the ratio of fluorescence of P-C;,-NBD-PC first
bound to nsLTP and then transferred to excess DOPC vesicles.
The fluorescence yield of P-C,,-NBD-PC bound to nsLTP was
used to quantify the initial concentration of P-C,,-NBD-PC
complexes in the nsLTP to vesicle transfer experiments. The
fluorescence yield of P-C;,-NBD-PC in DOPC vesicles was
used to quantify the transfer from DOPC vesicles to nsLTP.

Measurement of P-C,,-NBD-PC Transfer from nsLTP to
Vesicles. The method used for measuring P-C,,-NBD-PC
transfer from nsLTP to vesicles is illustrated in Figure 1A.
This technique has been presented in detail previously (Nichols,
1987a) and is presented below in brief.

In the first step, P-C,,-NBD-PC-nsLTP complexes are
formed by incubation of self-quenching P-C,,-NBD-PC ves-
icles with nsLTP. The addition of nsLTP to the self-quenching
vesicles results in a large increase in fluorescence as P-C,,-
NBD-PC molecules bind to nsLTP (Nichols, 1987a). These
P-C,,-NBD-PC-nsLTP complexes in equilibrium with P-
C,;,-NBD-PC self-quenching vesicles are used as donors to
measure the transfer of P-C,,-NBD-PC from nsLTP to N-
Rh-PE-containing DOPC vesicles. N-Rh-PE is a resonance
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FIGURE 1: Fluorescence measurement of P-C;,-NBD-PC transfer
between nsLTP and DOPC vesicles. (A) Recording of P-C,,-NBD-PC
fluorescence change upon addition of N-Rh-PE-DOPC vesicles to
a mixture of P-C;,-NBD-PC and nsLTP. At “a”, the fluorescence
of a mixture of P-C,,-NBD-PC (0.18 uM) and nsLTP (0.17 uM) is
recorded. Concentration of P-C,,-NBD-PC bound to nsLTP is 21
nM. At “b”, N-Rh-PE-DOPC vesicles (5:95 mol %, 3.3 uM total
phospholipid concentration) are added, and the decrease in fluorescence
is recorded. (B) Recording of P-C,,-NBD-PC fluorescence change
upon addition of nsLTP to P-C,;,-NBD-PC-N-Rh-PE-DOPC vesicles.
At “c”, the P-C,,-NBD-PC fluorescence of P-C;,-NBD-PC-N-Rh-
PE-DOPC (5:5:90 mol %, 6.7 uM total phospholipid concentration)
is recorded. At “d”, 533 nM nsLTP were added, and the increase
in fluorescence was recorded. The smooth solid lines are theoretical
projections of single-exponential functions using parameters obtained
from a nonlinear least-squares fit to the data. Fluorescerice was
recorded at excitation 475 nm, 4-nm slit width, and emission 530 nm,
4-nm slit width, at 25 °C.

energy quencher of P-C,,-NBD-PC (Nichols & Pagano,
1982), such that the addition of N-Rh-PE-DOPC vesicles to
the P-C,,-NBD-PC-nsLTP complexes results in a decrease
in fluorescence as the P-C,,-NBD-PC moves from nsLTP to
the quenching environment of the vesicles. The transfer of
P-C,-NBD-PC from the self-quenching vesicles is not detected
since it involves the transfer of the fluorophore from one
quenching environment to another. The self-quenching vesicles
may influence the kinetics of transfer and have been treated
accordingly in the theoretical model.

For all experiments performed, the quenching rate of P-
C,,-NBD-PC fluorescence could be simulated by a single-
exponential decay process (see smooth solid line in Figure 1A).
After correction for the spillover of N-Rh-PE fluorescence
emitted at NBD excitation and emission wavelengths, the
equilibrium value in Figure 1A indicates that essentially all
of the P-C,,-NBD-PC initially bound to nsLTP has been
transferred to and quenched by the N-Rh-PE-DOPC vesicles.
Thus, the initial rate of transfer (R) is a product of the sin-
gle-exponential rate constant and the initial concentration of
P-C,,-NBD-PC bound to nsLTP.

Measurement of P-C\,-NBD-PC Transfer from Vesicles to
nsLTP. The transfer of P-C,,-NBD-PC from vesicles to
nsLTP is determined from the rate of increase in fluorescence
as P-C,;,-NBD-PC moves from the quenching environment of
N-Rh-PE-DOPC vesicles to a nonquenching binding site on
the nsLTP molecule (Figure 1B). In all cases, the fluorescence
increased as a single-exponential function (see smooth solid
line in Figure 1B). The amount of P-C,,-NBD-PC transferred
at equilibrium was calculated from the P-C,,-NBD-PC
fluorescence yield when bound to nsLTP, and thus the initial
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FIGURE 2: Schematic diagram of nsLTP, P-C,,-NBD-PC, and vesicle
interactions and definition of rate constants. [D],, [P],, and [DP],,
refer respectively to the bulk solution concentrations of P-C,,-NBD-PC,
nsLTP, and P-C,,-NBD-PC-nsLTP complex dissolved in the water
phase. [D];, [L];, [P];, and [DP]; refer respectively to the bulk solution
concentrations of P-C,,-NBD-PC, total phospholipid, nsLTP, and
P-C,,-NBD-PC-nsLTP complex on the external surface of the vesicle.
[D], refers to the bulk solution concentration of P-C;,-NBD-PC on
the external surface of self-quenching vesicles. s is the monolayer
surface area per phospholipid molecule.

Water{(w)

rate was the product of the single-exponential rate constant
and the concentration of P-C,,-NBD-PC bound to nsLTP at
equilibrium.

Data Analysis. The best fit of parameters for the single-
exponential curves and the theoretical transfer models was
calculated on an IBM-PC-XT using a PASCAL program for the
least-squares estimation of nonlinear parameters based on the
Marquardt algorithm (Marquardt, 1963).

THEORY

There are two fundamentally distinct mechanisms for the
transfer of lipids between nsLTP and membranes: (1) lipid
transfer occurs by the diffusion of monomers through the
aqueous phase, and (2) lipid transfer is dependent upon
nsLTP-membrane collision. Figure 2 illustrates the reaction
pathway for both mechanisms. Reactions 1 and 4 describe
the monomer diffusion pathway, and reactions 2, 3, and 5
describe the collision-dependent pathway. All six reactions
are necessary to describe the transfer if both mechanisms occur
simultaneously.

The rate equations for lipid and protein interactions with
membranes are written by assuming that the rate at which
a lipid or protein molecule dissociates from the surface of a
membrane is proportional to its surface concentration and that
the association rate is proportional to the product of its con-
centration in solution and the external surface area of the
membrane (Nakagawa, 1974; Thilo, 1977; Nichols & Pagano,
1981, 1982; Ferrell et al., 1985). The rate of reaction of
protein and lipid on the surface of the membrane is propor-
tional to the product of the membrane concentration of protein
and lipid times the total external surface of the membrane.
These general principles can be used to derive initial rate
equations that predict the transfer kinetics of a lipid probe from
nsLTP to vesicles and vice versa for the monomer diffusion
maodel, the collision-dependent model, and the combination of
both.
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The rate constants and abbreviations of terms used in the
following derivations are illustrated schematically in Figure
2 and defined in the legend.

Initial Transfer Rate of P-C\,-NBD-PC from nsLTP to
Vesicles. (A) Collision-Dependent Model. During the initial
transfer of P-C,,-NBD-PC from nsLTP to vesicles, its con-
centration in the vesicles ([D];) is assumed to be zero. Ac-
cording to the collision-dependent model, the initial rate of
transfer of P-C,,-NBD-PC from nsLTP to vesicles occurs via
reaction 5 and is predicted by

Reon = ks-[DP], 1)

Previous experiments have demonstrated that nsLTP has a low
binding affinity for vesicles (Nichols, 1987a); thus, the con-
centration of nsLTP bound to vesicles ([P];) will be a small
fraction of the total protein, and the ternary complex of P-
C,,-NBD-PC-nsLTP bound to vesicles ([DP];) will be an even
smaller fraction. It is therefore reasonable to assume that
[DP]; will reach a steady-state concentration rapidly and re-
main constant during the initial transfer rate measurements.
Thus

d[DP],/dt = k3, [DP],s[L]; - k3-[DP]; - k5 [DP]; = 0
(2)
Solving for {DP],

ky4[DP],s[L];

[DP]I = k3__ + ks—

(3)
Since the amount of phospholipid residing in the outer leaflet
of the vesicles ([L];) is a constant fraction (f) of the total

(IL11)
[L]; = AL]7 4)

When eq 3 and 4 are substituted into eq 1, the initial rate of
collision-dependent probe transfer from nsLTP to vesicles is
predicted by

_ ks-k3+s/IDP)[L]r
coll kst ks

(B) Monomer Diffusion Model. The initial rate of P-
C,,-NBD-PC transfer from nsLTP to vesicles occurs via re-
action 1 and is predicted to be

Ry = k4 [D]ws[L] (6)

Modeling of the monomer diffusion mechanism is complicated
by the lack of a direct measure of the probe free monomer
concentration. This concentration is predicted from the
steady-state distribution immediately following the addition
of excess vesicles to the equilibrated mixture of P-C,,-NBD-PC
and nsLTP. Since the steady-state concentration will depend
to some extent on the concentration of P-C,,-NBD-PC in the
form of self-quenching vesicles, the contribution of P-C,,-
NBD-PC self-quenching vesicles to the steady-state probe free
monomer concentration (reaction 6) will be included in the
derivation (see Figure 2). Upon addition of excess DOPC
vesicles, the probe free monomer concentration is assumed to
reach a steady-state equilibrium where

d[D], + d(DPl. | d[D);

(5)

dr dr ar 0 )

The corresponding initial rate equations are
d[D],/dt = ke.[D]us[D], - ke-[D], 8)
d[DP],/dt = k,.[D].[P}s - ks_[DP], )
d[D];/dr = ky+[D}us[L]; (10)
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such that
k4 [DP],, + ks-[D],
kot [Pl + kyys[L]; + kg4s[D],

The molar ratios of the P-C,,-NBD-PC-nsLTP complexes
to unbound nsLTP (Xppp) and to P-C,,-NBD-PC remaining
as self-quenching vesicles (Xpp,yv) can be calculated (see Ex-
perimental Procedures) and are defined as

XDP/P = [Dp]w/[P]w (12)
Xppv = [DP]./[D], (13)

The rate equation for probe transfer from nsLTP to vesicles
according to the monomer diffusion (md) model is obtained
by substituting eq 4, 11, 12, and 13 into eq 6:

Rpg = [DP),[L1r/t(kss/ Xppsp + ksss/Xppyv) X
[DP],/ky+5flka- + k- / Xppyv)] + [[Llr/ (ks +
ks-/Xppv)]} (14)

Combination of Collision-Dependent and Monomer Diffu-
sion Models. If both collision-dependent and the monomer
diffusion pathways are involved in probe transfer from nsLTP
to vesicles, the initial transfer occurs via reactions 1 and 5 and
is predicted by the sum of the two:

Rcomb = Rmd + Rcoll (15)

Initial Transfer Rate of P-C,,-NBD-PC from Vesicles to
nsLTP. (A) Collision-Dependent Model. During the initial
transfer of P-C,,-NBD-PC from vesicles to nsLTP, the con-
centration of P-C,,-NBD-PC-nsL TP complex ([DP],,) is zero.
Thus, according to the collision-dependent model

R.1 = k5 [DP]; (16)

Because of the small size of [P], and [DP]; relative to [P],,
as discussed above, these compartments are assumed to reach
a constant steady-state concentration rapidly relative to the
rate of initial transfer, and

[Dlw = (11)

[Ply = [Plr (17)
d[Pl;/dt =
ka4 [Plrs[L]; + ks.[DP]y - &, [P]; - k5+[P]I[D]I/[L]I(=8())
1
d[DP],/dt = ks.[P],[D];/[L]y - k5-[DP]; - ka—[DP]1(= 0)
. 19

The amount of P-C,;,-NBD-PC in the outer leaflet of the
bilayer is a constant fraction (f) of the total P-C,,-NBD-PC
and is similar to that of the total phospholipid (Nichols &
Pagano, 1982). Since the rate of transbilayer movement of
phospholipids is slow

[L]y = fIL]r and [D]; = fID]r (20)

The mole fraction of P-C;,-NBD-PC in the vesicles (Xp,)
is thus

XpL = [D]1/[L]r = [D];/[L4] (21)

The steady-state concentration of [DP]; is obtained from
the simultaneous solution of eq 18 and 19. This relationship,
and eq 20 and 21, is substituted into eq 16 to give the initial
rate equation predicted by the collision-dependent model:

ks _ks+ky+sf[P]1{D]r
ky ky + ki ks Xpp + ks k.

Rcoll = (22)

(B) Monomer Diffusion Model. According to the monomer
diffusion model

NICHOLS

Rina = kst [D]W[Ply (23)
Assuming a steady-state concentration of [D],,

d[D],/dt = k,_[D]; - k\4[D]us[L]; - k44 [D]u[P]y = 0
(24)

Thus

D], = k,_[D]y 25)
Y kys[L]; + kg [P,
Substitution of eq 17, 20, 21, and 25 into eq 23 gives the initial
rate equation predicted by the monomer diffusion model:

[P]¢[Dlr
[Plr/fki- + k\+s[D]1/ksrky XpL

Combination of Collision-Dependent and Monomer Diffu-
sion Models. If both collision-dependent and monomer dif-
fusion pathways are involved in P-C,;,-NBD-PC transfer from
vesicles to nsL TP, the initial rate is predicted by the sum of
the two:

Rg = (26)

Rcomb = Rcoll + Rmd (27)

RESULTS AND DISCUSSION

Test of Kinetic Models for P-C,,-NBD-PC Transfer from
nsLTP to Vesicles. The schematic drawing in Figure 2 for
simplicity presents a one-to-one stoichiometry of P-C,,-
NBD-PC binding to nsLTP. However, the stoichiometry of
the P-C,-NBD-PC-nsLTP complex is not known. The ob-
servation in Figure 1 that the rates of P-C,,-NBD-PC disso-
ciation from and association with nsLTP can be described by
single-exponential functions indicates that whatever the
stoichiometry is, all of the bound molecules exist in a single
kinetic pool. In other words, all of the nsLTP-bound P-
C,,-NBD-PC dissociates and associates at the same rate.
Therefore, the experimental data testing the kinetic models
are presented as a function of the solution concentration of
P-C,,-NBD-PC bound to nsLTP ([DP],,), and the relevant
kinetic constants are expressed as the molar solution concen-
tration of P-C,,-NBD-PC bound to nsLTP.

In order to distinguish which of the three kinetic models is
the best predictor of the initial rates of P-C,,-NBD-PC transfer
from nsLTP to vesicles, the initial transfer rates have been
measured and plotted for various concentrations of nsLTP-
bound P-C,,-NBD-PC and N-Rh-PE-DOPC vesicles (Figures
3 and 4). In Figure 3, the initial transfer rates are plotted
(symbols) versus the concentration of nsLTP-bound P-C,,-
NBD-PC at three different concentrations of vesicles, and in
Figure 4, initial rates are plotted (symbols) versus vesicle
concentrations at a constant concentration of nsLTP-bound
P-C,,-NBD-PC. The data points from both plots (23 data
points) were used to estimate the parameters for the three
models using a nonlinear least-squares fitting program with
two independent variables. The best fits of the parameters
for the three models are presented in Table I. These pa-
rameters were then used to project the theoretical curves for
each model and are presented in Figures 3 and 4 (dotted line,
collision dependent; dashed line, monomer diffusion; solid line,
combined). It is apparent from the comparison of the data
points with the theoretical plots that the collision-dependent
model alone is a poor predictor of the initial rates. The mo-
nomer diffusion model gives a reasonably close fit to the data.
However, the smallest variance, indicating the best fit (Table
1), is obtained for the combined mode!. One might expect that
the addition of a term to the monomer diffusion model would
increase the goodness of fit. An F, test can be used to test



BINDING KINETICS OF LIPID TRANSFER PROTEIN

VOL. 27, NO. 6, 1988 1893

Table I: Parameters for the Nonlinear Least-Squares Fit to Theoretical Models: P-C,;-NBD-PC Transfer from nsLTP to Vesicles (25 °C)

model® general form® of eq variance® P, =SD(s) P,=%SD(s) P, = SD (M)
collision dependent  y = Pyx;x; 1.51 x 1072 (6.69 X 10%) % (0.47 X 10%)
monomer diffusion  y = x;x3/(Pyx; + Poxy) 7.01 X 10% 7290 £260  6.51 £ 0.49
combined y = X%/ (Pix; + Poxz) + Pyxyx;  3.68 X 107% 9810770 596 £0.50  (1.30 X 10%) & (0.30 x 10%)

9See Theory for derivation of models. ®The constants and variables are defined as follows: x; = [DP],; x, = [L]l;y = R, P, = (kg+/Xppsp +
kers/Xppv)/ [k14+8fTks + ke-/Xpp/v)] = ka/kiesfks Xppps Py = 1/ (ko + ko[ Xpppv) = 1/kes Py = ks ksisf/ (ks + ks). < Twenty-three experi-
mental data points. Variance = {3 [y(measured) — y(theoretical)]%}/(N — n - 1). N = number of data points, n = number of parameters.

Table II: Parameters for the Nonlinear Least-Squares Fit to Theoretical Models: P-C;,-NBD-PC Transfer from Vesicles to nsLTP (25 °C)

model® general form® of eq variance® P £SD(s) P,=SD(s) P, = SD (M~ls7h)
collision dependent  y = Paxx; 1.20 x 10°* (8.19 X 10%) + (0.34 X 10?)
monomer diffusion ¥ = x1x,/(Pyx; + Pyxy) 3.43 x 10 2450 = 150 509 = 55
combined Y= xyxy/(Pyxy + Poxg) + Pyxix, 169 X 107 4450 £ 690 521 82 (297 X 10) & (0.57 X 10?)

@See Theory for derivation of models. ®The constants and variables are defined as follows: x; = [Ply; x, = [Dlpsy = Ry Py = 1/fk\; P, =
kyss/kasky Xpjis Py = ks ksokaysf/ (ks ky + ks ket Xpp + ks k). <Twenty-six experimental data points. See footnote ¢ in legend to Table I.
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FIGURE 3: Plot of initial rate of P-C;,-NBD-PC transfer from nsLTP
to vesicles versus the initial concentration of P-C,,-NBD-PC-nsLTP
complexes. Experiments were performed as illustrated in Figure 1A,
at 25 °C. Symbols represent the measured initial rates as the con-
centrations of P-C,,-NBD-PC-nsLTP complexes were varied for three
concentrations of N-Rh-PE-DOPC vesicles [(©) 6.7 uM; (0O) 3.3 uM;
(A) 1.3 uM total phospholipid concentration]. Lines were generated
from best-fit parameters estimated for the three theoretical models
presented in Table I [(-~) collision-dependent model; (- - -) monomer
diffusion model; (—) combined model].

whether the added term significantly improves the value of
the variance (Bevington, 1969). F, is defined as

_ X -1) - x*n)

* XA /(N-n-1)
where N is the number of data points and # is the number of
terms. This statistic follows the F distribution with 1 degree
of freedom and can be used to test the null hypothesis that
the coefficient of the added term is equal to zero (i.e., the new
term does not improve the goodness of fit). This test when
applied to the addition of the single term in the collision-de-
pendent model to the monomer diffusion model rejects the null
hypothesis with a greater than 99.9% probability. Thus, the
combined model gives a significant improvement in the
goodness of fit over the monomer diffusion model alone. We
conclude from this analysis that both pathways are involved
in the transfer of P-C,-NBD-PC from nsLTP to vesicles.
To illustrate the relative contributions of the monomer
diffusion and collision-dependent pathways, the magnitude of
each pathway was calculated for the highest concentrations

of nsLTP and vesicles used in these experiments (20 nM P-
C,;-NBD-PC-nsLTP and 6670 nM N-Rh-PE-DOPC):

Rmd = 0.57 nM-s! and Rcoll =0.17 I'll\'I'S_1

Initial Rate (nM.s—1)

"0 01 2 3 4 5 8 7
[Vesicles] (uM phosholipid)

FIGURE 4: Plot of initial rate of P-C,,-NBD-PC transfer from nsLTP
to vesicles versus concentration of vesicles. Experiments were per-
formed as illustrated in Figure 1A at 25 °C. Symbols represent the
measured initial rates as the concentration of N-Rh-PE-DOPC vesicles
was varied. The concentration of P-C,,-NBD-PC-nsLTP remained
constant at 3.5 nM. Lines were generated from best-fit parameters
estimated for the three theoretical models presented in Table I [(++)
collision-dependent model; (---) monomer diffusion model; (—)
combined model].

At these concentrations of nsLTP (nsLTP total concentration
= 0.2 uM) and vesicles, the amount of transfer via the col-
lision-dependent reaction is 23% of the total. However, at this
concentration of vesicles, the rate of transfer through the
monomer diffusion pathway has saturated and will not increase
significantly with higher concentrations of vesicles, whereas
the rate of transfer through the collision-dependent pathway
will continue to increase as a linear function of vesicles. At
higher concentrations of vesicles, the collision-dependent
pathway would be expected to predominate. Limitations on
the rate of mixing (~2-3 s) and the response time of the
Perkin-Elmer fluorometer (0.3 s) prohibited the measurement
of the faster initial transfer rates that occur with higher
concentrations of nsLTP and vesicles.

Test of Kinetic Models for P-C\,-NBD-PC Transfer from
Vesicles to nsLTP. The initial transfer rate of P-C,,-NBD-PC
from vesicles to nsLTP (see Experimental Procedures) was
measured for different nsLTP and vesicle concentrations in
order to determine which of the three kinetic models was the
best predictor of the results. In Figure 5, the initial rates are
plotted versus the concentration of P-C,,-NBD-PC contained
as 5 mol % in DOPC vesicles for two different concentrations
of nsLTP [(A) [nsLTP] = 133 nM; (B) [nsLTP] = 267 nM].
In Figure 6, the initial rates are plotted versus nsLTP con-
centration at two different concentrations of P-C,,-NBD-PC
[(A) [P-C,,-NBD-PC] = 333 nM; (B) [P-C,,-NBD-PC] =
667 nM]. The data from all four plots were combined (26
data points) to estimate the parameters for all three models,
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FIGURE 5: Plot of initial rates of P-C,,-NBD-PC transfer from vesicles
to nsL TP versus concentration of P-C;,-NBD-PC in vesicles. Ex-
periments were performed as illustrated in Figure 1B at 25 °C.
Symbols represent initial rates measured for two concentrations of
nsLTP [(O) 0.13 uM; (A) 0.27 uM nsLTP concentration] as the
concentration of P-C,,-NBD-PC in vesicles was varied. Lines were
generated from best-fit parameters estimated for the three theoretical
models presented in Table I [(-) collision-dependent model; (- --)
monomer diffusion model; (—) combined model].

Initial Rate (nM-s—1)
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FIGURE 6: Plot of initial rate of P-C,,-NBD-PC transfer from vesicles
to nsLTP versus concentration of nsLTP. Experiments were performed
as illustrated in Figure 1B, at 25 °C. Symbols represent initial rates
measured for two concentrations of P-C,,-NBD-PC in vesicles [(O)
0.67 uM; (0) 0.33 uM concentration of P-C;,-NBD-PC initially in
vesicles] as nsLTP concentration was varied. Lines were generated
from best-fit parameters estimated for the three theoretical models
presented in Table II [(-) collision-dependent model; (---) monomer
diffusion model; (—) combined model].

using a nonlinear least-squares fitting program with two in-
dependent variables. The best fits of the parameters are
presented in Table II, and the theoretical predictions of each
model are presented in Figures 5 and 6 (dotted line, colli-
sion-dependent model; dashed line, monomer diffusion model;
solid line, combined model). The variance of the fits (Table
II) indicates that the combined model is the best predictor of
the data. The F, test as discussed in the previous section was
used to estimate the probability that the null hypothesis—that
the combination of the collision-dependent and monomer
diffusion models does not significantly improve the goodness
of fit—is true. This test rejects the null hypothesis with greater
than 99.9% probability. Therefore, the initial rate data are
best predicted by the combination of the monomer diffusion
and collision-dependent pathways.

For the fastest initial transfer rate that could be measured
accurately in these experiments (R.omy = 0.30 nM-s™!, for
[P-C;,-NBD-PC] = 1.33 uM and [nsLTP] = 267 nM), the
combined model predicts that 64% of the initial rate transfer

NICHOLS
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FIGURE 7: Plot of initial rate of P-C,,-NBD-PC transfer from vesicles
to nsLTP versus concentration of P-C,,-NBD-PC in vesicles. Ratio
of P-C,,-NBD-PC to nsLTP is constant. Experiments were performed
as illustrated in Figure 2, at 5 °C. Closed circles represent initial
rates measured as both P-C;,-NBD-PC and nsLTP concentrations
are varied in proportion ([P-C,,-NBD-PC]/[nsLTP] = 5.04). Lines
were generated from the best-fit parameters estimated for the three
simplified theoretical models: collision-dependent model, Ry =
const, [P-C,,-NBD-PC]?, const, = 0.034, variance = 7.83 X 107
monomer diffusion model, I_Qf,d = const,[P-C;,-NBD-PC], const, =
0.046, variance = 1.18 X 10™; combined model, Ryymp = Rpd + Reolts
const; = 0.022, const, = 0.018, variance = 5.74 X 10~, Each plotted
point is the average of at least three trials % the standard deviation.
Number of data points = 16.

occurs through the monomer diffusion pathway and 34%
through the collision-dependent pathway.

An additional experiment (Figure 7) was performed that
provides a more graphic distinction between the three theo-
retical transfer models. Initial transfer rates were measured
at 5 °C which allowed the measurement of initial rates for
higher concentrations of nsLTP and vesicles. At these higher
concentrations, the collision-dependent pathway begins to
predominate. Initial transfer rates were measured as the
concentrations of nsLTP and P-C,,-NBD-PC in vesicles were
increased in proportion to each other ([P-C,,-NBD-PC]/
[nsLTP] or [D]y/[P]r = 5.04). For this experiment, the
collision-dependent model, eq 22, reduces to R, = const,
([D]1)?, and the monomer diffusion model, eq 26, reduces to
R4 = const,([D]1). Thus, the data (closed circles) presented
in Figure 7 should be predicted best by a straight line if
transfer occurs only by monomer diffusion and by a quadratic
equation with a single term if transfer occurs only through the
collision-dependent pathway. The theoretical projection for
the three models (dotted line, collision dependent; dashed line,
monomer diffusion; solid line, combined) illustrated that the
best fit (i.e., smallest variance) is obtained from the combined
model. However, in this case, as opposed to the data presented
in Figures 5 and 6, the collision-dependent model gives a better
fit than the monomer diffusion model, indicating that under
these conditions the collision-dependent pathway is predom-
inant. At the highest concentrations of nsLTP and P-C,,-
NBD-PC, the combined model predicts that two-thirds of the
total transfer occurs through the collision-dependent pathway
(R.on = 60 pMss™! and R4 = 30 pM:s™!). The F, test gives
a 95% certainty that the combined model is a better prediction
of the initial rate data than the collision-dependent model alone
and a 99.5% certainty that the combined model is a better
prediction that the monomer diffusion model alone.

Extraction of Rate Constants from the Combined Model
Parameters. Several meaningful rate constants, as defined
in Figure 2, can be extracted from the best-fit parameters for
the combined models for both directions of transfer and are
presented in Table III. The dissociation rate constant for
P-C,,-NBD-PC from DOPC vesicles (k;.) can be obtained
from parameter P, in the vesicle to nsLTP transfer experiments
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Table III: Rate Constants Extracted from the Nonlinear
Least-Squares Fit Parameters to the Combined Model (25 °C)”

experiment (5™ kel 5N kg/kes K JKE
nsLTP to vesicles® 0.165 101 4.4
vesicles to nsLTP¢ 3.7 x 107 104 4.3

9See Figure 2 for definition of rate constants. ?Data and parame-
ters presented in Figures 3 and 4 and Table I. “Data and parameters
presented in Figures 5 and 6 and Table I1. ¢Calculated from P, (Table
IT) assuming f = 0.6. °Calculated from P, (Table I). k4 is assumed
to equal k. Xppv = 0.114. /Calculated from P, (Table I). kg is
assumed to equal ky4; Xpp/p = 0.103; Xpp,y = 0.114; f = 0.6; and from
P, (Table II), Xp, = 0.05. £K\/K, = kyys5ky-[kqsk- was calculated
from rate constants in footnotes 4, e, and f.

(Table II). Assuming the fraction of the total phospholipid
residing in the outer leaflet is 0.6, k;_ = 3.7 X 1057, An
independent measurement of this rate constant determined
from measurements of the spontaneous transfer of P-C,,-
NBD-PC for vesicles of composition identical with those used
in these experiments gave a value of 2.5 X 107 5! [see Nichols
and Pagano (1982) for method]. These values for the mo-
nomer—vesicle dissociation rate constant are reasonably close
and lend confidence to the parameter obtained from the vesicle
to nsLTP transfer experiments.

The dissociation rate constant for P-C,,-NBD-PC leaving
the nsLTP molecule (k,_) can be obtained from parameter P,
in the nsLTP to vesicle experiments (Table I). The dissociation
rate constant from the self-quenching vesicles (k) is of the
same order of magnitude as the dissociation rate constant from
DOPC vesicles (Nichols & Pagano, 1981). Since the mole
fraction of nsLTP-bound P-C,,-NBD-PC to total P-C,,-
NBD-PC (Xpp,v) is equal to 0.11, k,_ can be calculated to
be 0.165 s™'. The ks_/Xpp/v term is small relative to k, and
results in a small (<5%) decrease of the calculated value of
k4. Thus, P-C;,-NBD-PC dissociates from the P-C,,-NBD-
PC-nsLTP complex into the water phase 450 times faster than
it dissociates from DOPC vesicles.

Both sets of experiments provide a means of calculating the
ratio of the association rate constants for P-C;,-NBD-PC
binding to nsLTP and P-C,,-NBD-PC binding to DOPC
vesicles. From parameter P, in Table II, given that the mole
fraction of P-C,,-NBD-PC in the DOPC vesicles is 0.05,
k4s/ ki 48 = 104, From parameter P, in Table I, assuming that
the association rate constant for P-C,,-NBD-PC inserting into
self-quenching vesicles is the same as that for insertion into
DOPC vesicles, k4. / k.5 = 101. The similarity of the values
for this ratio from the two different transfer experiments
further supports the internal consistency of the method and
the validity of the underlying assumptions. The ratio indicates
that on a mole phospholipid per mole nsLTP basis, P-C,,-
NBD-PC binds to nsLTP molecules 100 times faster than to
DOPC vesicles.

The values for the rate constants for P-C,,-NBD-PC mo-
nomer-vesicle and monomer—-nsLTP dissociation can be com-
bined with the ratio of the association rate constants to give
an estimate of the ratio of the affinity of a soluble P-C,,-
NBD-PC-soluble monomer for a molecule of DOPC in the
form of a bilayer vesicle versus a molecule of nsLTP (X,/K,
= 4.4).

Implications for nsLTP-Mediated Transfer of Lipids be-
tween Membranes. The goal of studying the mechanism of
P-C,,-NBD-PC transfer between vesicles and nsL TP was to
gain a better understanding of how nsLTP functions to fa-
cilitate lipid movement between membranes. Previously,
nsLTP has been proposed to function by linking two mem-
branes into a ternary complex that facilitates intermembrane
lipid transfer (Van Amerongen et al., 1985; Altamura &
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Landriscina, 1986; Megli et al., 1986) or by transiently binding
to membranes and facilitating the lipid dissociation into the
water phase (Thompson, 1982; Nichols & Pagano, 1983). The
demonstration of a water-soluble phospholipid—nsL TP complex
(Nichols, 1987a) suggested the possibility that formation of
the complex may be involved in the intermembrane transfer
process. Inhibition of both lipid binding (Nichols, 1987a) and
intermembrane lipid transfer (Van Amerongen et al., 1985;
Megli et al., 1986; Nichols, 1987a) by the thiol reagent
mersalyl suggested that they are functionally related. In order
for the lipid—nsLTP complex to be an intermediate in the
intermembrane transfer of lipids, nsLTP must bind lipids from
the membrane surface and carry them into the water phase.
nsL TP binding of lipids from the aqueous phase alone cannot
increase the rate of intermembrane lipid transfer.

The evidence presented in this paper supports the conclusion
that P-C,,-NBD-PC can be transferred between vesicles and
nsLTP by a collison-dependent process. The parameters ob-
tained from the kinetic models of P-C,,-NBD-PC transfer
between nsLTP and vesicles can be used to illustrate the
relative importance of the collision-dependent versus the
monomer diffusion pathway for the intracellular transfer of
phospholipids. The intracellular concentration of nsLTP and
membrane lipids in liver cells can be estimated as follows.
Assuming the density of liver is 1 g/cm?, the dry weight of
the cell is 40% with 10% of that being lipid; the cellular
concentration of an average lipid molecule of A, 1000 is 40
mM. The concentration of soluble nsLTP in rat liver super-
natant can be calculated to range between 0.5 and 8 uM (Bloj
& Zilversmit, 1977; Noland et al., 1980; Poorthuis et al., 1981;
Trzaskos & Gaylor, 1983). The best-fit parameters for the
combined model (Table II) can be used to calculate the rates
of P-C,,-NBD-PC transfer from vesicles to nsLTP through
each separate pathway. For a hypothetical experiment de-
signed to reproduce these intracellular concentrations (5 uM
nsLTP and 40 mM lipid) in which 5% of the membrane lipid
is initially composed of P-C,,-NBD-PC, the combined model
from Table II predicts initial rates of R4 = 0.48 nM+s™! and
R,y = 3 X 10° nM-s™!. A similar calculation can be made
for a hypothetical experiment for P-C;,-NBD-PC transfer from
nsLTP to vesicles where initially 10% of the nsLTP is bound
by P-C,,-NBD-PC. The parameters for the combined model
in Table I predict that R,y = 82 nMss! and Ry = 2.6 X 10*
nM-s™!, Thus, for these simulated intracellular conditions, the
rate of P-C,,-NBD-PC transfer through the collision-de-
pendent pathway is predicted to be much faster than through
the monomer diffusion pathway for both directions (loading
and unloading) of transfer.

Similar calculations can be used to illustrate the potential
for nsL TP to increase the rate of intermembrane lipid transfer
for cellular concentrations of nsL TP and membrane lipids. For
the same cellular conditions assumed above, consider the hy-
pothetical experiment where half of the membranes in the cell
are instantaneously labeled with 5% P-C,,-NBD-PC. The
initial rate of P-C,,-NBD-PC transfer to the rest of the cell
can be calculated for a cell with and without nsLTP. Without
nsLTP, P-C,,-NBD-PC is predicted by the monomer diffusion
model for intermembrane transfer (Nichols & Pagano, 1981):

o Lo
T [Lh+ Ll
where [L]; and [L]; are the membrane lipid concentrations
in the donor and acceptor membranes (20 mM), respectively.

k,_ is the dissociation rate constant for P-C,,-NBD-PC leaving
the membrane (2.5 X 10™s7!; see above), and X}, /L 18 the mole



1896 BIOCHEMISTRY

fraction of P-C;,-NBD-PC in the donor membrane (0.05).
Thus

Rypont = 125 nMs™!

In the presence of nsLTP, since the rate of P-C,,-NBD-PC
transfer from nsLTP to membrane was predicted above to be
~8 times faster than its transfer from the membranes to
nsLTP, we can make the simplification that intermembrane
transfer will be limited by the rate of lipid transfer from
vesicles to nsLTP. Thus, according to the parameter P, from
the combined model in Table II, the initial rate of nsLTP-
dependent intermembrane transfer is calculated to be
R = 1500 nMs™!

For this hypothetical experiment, the concentration of nsLTP
in the cell is predicted to increase the intermembrane transfer
by a factor of 12, Since the spontaneous intermembrane
transfer of P-C;,-NBD-PC is 2 times greater than di-
myristoylphosphatidylcholine and 60 times greater than 1-
palmitoyl-2-oleoylphosphatidylcholine (Nichols & Pagano,
1982; McLean & Phillips, 1984), the ratio of nsL TP-dependent
versus spontaneous transfer for naturally occurring phospho-
lipids may be underestimated by the P-C,,-NBD-PC data.

The kinetic measurements of P-C,,-NBD-PC transfer be-
tween nsL.TP and DOPC vesicles and the predictions from
intermembrane transfer demonstrate that nsLTP has the
properties necessary to interact with the lipid portion of
membranes and form a water-soluble phospholipid—nsLTP
complex which can act as a mediator of intermembrane
transfer. The rate of formation and dissociation of this com-
plex, which determines its effectiveness as a mediator of lipid
transfer via this mechanism, may also be regulated by the
specific interaction with membrane proteins in the donor or
target membranes. The recent demonstration that nsLTP
binds to mitochondrial membrane (Megli et al., 1986) illus-
trates the potential for regulation of the direction and rate of
nsLTP-mediated phospholipid transfer between intracellular
membranes. Although the experiments presented in this paper
demonstrate that nsL TP has the necessary properties to bind
and carry lipids between membranes, further experiments will
be required to determine the relative significance of this
mechanism versus others for the intracellular movement of
lipids.
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