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The interbil: transfer of dehyd: analog, was using small

unilamellar phospholipid vesicles. The kinetic data were best fit by an equation of the form Adexp (—kt) + B.

Qualimively, the
the values

general trend of the half-time for transfer and the base values (B) obtained for dehydroergosterol
in the earlier studies of

transfer. k

differences, which reﬂect lhe molecular structure of the sterol, were observed. Acrylamn!e quenching performed on the

donor vesicles at different stages of the transfer indi

d that a tii d

vesicles accurs.

‘We have been studying the ization of ch ol
in bilayers by following the sp h and
net transfer of this sterol between bilayer membranes
[1,2). Previous kinetic studies of the spontaneous ex-
change and net transfer of [*H) cholesterol between
small unilamellar vesicles comprised of 1-palmitoyl-2-

leoylpt hatidylcholine (POPC) d d that
ahout 20% of the total cholesterol is neither exch

of DHE within the

bovine brain sphi; yelin SPM. We d that
not all the DHE in the donor vesicles is transferable in
the 8-h time frame of the experiment and that the size
of this nontransferable DHE pool varies with tempera-
ture and the type of phospholipid matrix. These results

are ble to those obtained for ch 1 and
thus strengthen the previous assertion titat DHE resemn-
bles chol L in its physical chemical properties [4-6].

ble nor transferable in the 8-h time frame of the experi-
ment [1). The size of the nonexchangeable pool varies
with temperature and with the type of phospholipid
[1,2]. The physical nature of this pool is, however, not
clear due to the difficulty in observing cholesterol di-
rectly by spectroscopic methods. This problem can be
overcome in part by the use of a suitable fluorescent
cholesterol analog which, when inserted into mem-
branes, mimics the pt and biological behavior of
cholesterol. Several reports suggest that DHE 1s an
excellent cholesterol mimic [3,4].

In this study we examine net transfer of DHE, from
small unilamellar vesicles composed of either POPC or

* Present address: Department of Biochemistry, Meharry Medical
College Nashville, TN 37208, US.A.
DHE, dehyd: L A45.7.9.11).22-ergosta-
tetraene-3g-ol; POPC, 1-palmitoyl-2- i line; SUV,
small unilamellar vesicles; SPM, bovine brain sphingomyelin.
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Based on the idea that DHE is a good cholesterol
mimic, we use the fluorescent properties of this mole-
cule to examine certain characteristics of the nontrans-
ferable pool.

Transfer experiments. DHE transfer was followed by

the d in fl intensity at 398
nm as a function of time in small unilamellar donor
vesicles. Fl were

made with a SLM 4800 flLo.mmcter The excitation and
emission wavelengths were 324 nm and 398 nm, respec-
tively. No excitation or emission polarizers were used.

Light ing and photobleaching were minimized by
usmg dxlute samples and narrow band widths in the
and The small

unilamellar vesicles were made by sonication as de-
scribed elsewhere [1). Except in special experiments
di d later, two popul of vesicles were used:
neutral donors and negatively charged acceptors. The
donor vesicles contained DHE, phospholipid and also
traces of ["*CJcholesterol oleate which served as a non-
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vesicles were present in 10-fold excess over donors.
They ined the same phospholipid as the donor
vesicles plus 15 mol% phosphaudylglyoetol but no DHE.
After the incubation period, the charged acceptor
vesicles were separated from the neutral donors on a
pre-equilibrated, DEAE-Sephacel ion exchange column
(Pharmacia Fine Chemicals) by a procedure similar to
that used in previous work [1,2]. Typically, less than 1%
of the charged vesicles and 90-95% of the neutral
vesicles were recovered in the eluate at all time intervals
examined.

The fraction of DHE remaining in the uncharged
donor vesicles at time ¢, is given by:

X, = (F/"C) 1/ (F/"*C)aonons

where (F/'¥C), is the ratio of the fluorescence intensity
o ["‘C]choleslerol oleate in the eluate at nme t, and

x(t)
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Fig. 1. Typical curves for dehydroergosterol transfer at three tempera-
tures from neutral POPC donor vesicles at two different concentra-
tions of DHE; open symbols, 10 mol% DHE; filled circles, 1 mol%
DHE. The dashed line represents the expected value for the percent of

(F/'"* C)yonors is the ratio of the fl
1o [*CJcholesterol oleate in the donors after column
elution at ¢ = 0. Kinetic data were fitted to a single- or a
two-exponential function and one value for / = oo using
an iterative, non-linear least-squares analysis program
cn a Control Data Corp. Cyber 730 computer [7].
Typical DHE transfer data between POPC vesicles
are shown in Fig. 1. The kinetic data for DHE net
transfer from both POPC and SPM vesicles are best fit
by a single-exponential funcuon and a base value for
the percent of fl y T ining in the
donor vesicles. The kinetic p d for

label ining in the donors when DHE equilibrium is established
between the two vesicle populations. (For details see text).

base value is then 9.09%. It can be seen in Table I that
the base values calculated using the fitting procedure
are substantially larger in ail experiments. It is also
apparent in both POPC and SPM vesicles that the
nontransferable base values decrease with increasing
temperature as do the half-times for transfer. It is clear
from the data in Table I and Fig. 1 that the general
trends of DHE transfer rather closely resemble those of

transfer to a 10-fold excess of negatively charged accep-
tor vesicles as a fi of DHE and

hol 1 transfer. Even though the half-times for
DHE transfer are substantially smaller than the values
btained for chol 1 transfer, the nontransferable

temperature are summarized in Table I. Also in Table 1,
for comparison, are value in parenthesis obtained for
cholesterol net transfer under the same conditions {1].
In all cases it was d in these p:

ters that at equilibrium DHE is homogeneously distrib-

uted between donor and acceptor vesicles. The expected

TABLE I

pools are of comparable size. Moreover, as previously
reported for cholesterol transfer, DHE transfer from
POPC is faster and the base values smaller than for
transfer from SPM vesicles at equivalent temperatures.
It also is app that i g the DHE

tion from 1 to 10 mol% increases the hali-time for

Temperature and concentration effects on the kinetic parameters of DHE transfer from SUV

Phospholipid " mol % Incubation 1,42 (min) Base value

matrix DHE * temperature (%)

POPC 10 16°C 61+14 4541 3.6

POPC 1 25°C 15+ 3 208+ 20

POPC 10 25°C 27+ 1(213£55)° 211t 5.0(324+8)°

POPC 10 37°C 14t 4( 65 5)° 213% 50(19.7£2)°

Bovine brain SPM 10 37°C 17721 768+ 40

Bovine brain SPM 10 45°C 102:+19 608+ 6.5

Bovine brain SPM 10 50°C 88121 47.0+100

* 45,79(11),22 3B-ol or DHE) was obtained from Fran Sclenuﬁc Inc. (Cincinnati, OH), purified by HPLC [10]

and stored under nitrogen at —70° C. DHE

in dioxane [11}.

using an equal to 10600 M~ '-cm ™! at 326 nm

® The phospholipids POPC, POPG and SPM were supplied by Avanti Polar Lipid, Inc. (Birmingham. AL) and were used without further

purification. For more details, see text.

The numbers in parenthesis are the kinetic parameters for cholesterol net transfer under the same experimental conditions (1].



transfer, but does not affect the base value of nontrans-
ferable DHE as was the case for cholesterol exchange
88

Previous studies of lipid transfer and exchange [1] as
well as this study of DHE transfer suggest that the
rate-limiting step in transfer is desorption of DHE iiom
the donor vesicle. Since desorption involves partition
from the lipid/water interface into water, the water
solubility of the transferring amphiphilic moleculc is
reflected in the rate of desorption so that the rate of
transfer increases with increasing water solubility of the
lipid. Because of the additional double bonds in DHE.
this sterol is expected to be more polar and therefore
more soluble in water than is cholesterol. As the water
solubility increases, the activation energy barrier for
desorption decreases and therefore the rate of exchange
of DHE is less temperature dependent than the
cholesterol rate. This is seen in the activation energy of
12.8 kcal/mol calculated for DHE desorption from
POPC vesicles, compared with the cholesterol activation
energy of 22 kcal/mcl in POPC vesicles [2].

An experiment was carried out to see if a nontrans-
ferable pool of DHE is present in the acceptor popula-
tion after the transfer of DHE. SPM was chosen as the
phospholipid matrix since it has the largest nontransfer-
able DHE pool. Neutral SPM acceptor vesicles contain-
ing DHE were prepared by transferring DHE from
negatively charged SPM donors containing DHE. The
negatively charged donors were separated from the
acceptors after 3 h of transfer using our standard ion
exchange column [1,2]. These acceptors were then used
as donors to a new population of negatively charged
acceptors in a second transfer experiment and transfer
as a function of time was followed in the usual manner,
but under two sets of conditions. (1) An aliquot of the
new donors was incubated with acceptor vesicles im-
mediately after separation. (2) An aliquot was used in a
transfer experiment after 24 h storage at 50°C. The
results are shown in Fig. 2 where the filled circles are
data obtained in the immediate second transfer experi-
ment, and the open circles are transfer data obtained
following storage at 50°C. It is quite clear that im-
mediately after preparation by transfer, the new donors
are able to transfer out essentially all the DHE. How-
ever, after 24 h storage at 50°C, the 50% non-exchange-
able pool is regenerated in these vesicles and they
become indistinguishable from the original donor
vesicles prepared by sonication (Table I).

Fi 2ce quenching experiments. The quenchi
of DHE fluorescence by acrylamide [8] was used to

ine the ch; istics of the no b bl
pool in donor vesicles. Quenching measurements were
carrisd out on donor vesicle dispersions at the begin-
ning and the ¢nd of a transfer experiment. To do this,
20 pl portions of a 5 M acrylamide stock solution were
added serially to a 1.5 ml sample of donor vesicles in
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Fig. 2. Net transfer of DHE at 50°C from SPM vesicles. SPM
vesicles containing DHE were made by exchange for 3 b between
negatively charged donor vesicles contaimng DHE to vesicles zontain-
ing SPM only. Filled circles show the transfer experiment using the
acceptor vesicles as donors immediately after the first transfer was
interrupted and the two populations separated. The open circles show
the transfer experiment using another aliquot of the same acceptor
vesicles but after 24 h storage at 50° C. (For details see text).

final concentration range of 0-0.5 M. DHE fluores-
cence lifetimes were also determined at the beginning
and end of the transfer experiments, as described in
Table 11. Fluorescence intensity was determined at the
same temperature as the transfer experiments and were
corrected for volume changes and background so that
apparent Stern-Volmer constants, Kg,. were calculated
51
Table Il summarizes the results for acrylamide
hing of DHE fi in SPM donor vesicles
at 37°C. Quenching was examined in donor vesicles
containing initially 10 mol% DHE at zero time (D,).
immediately at the end of the transfer experiment (D),
then after 48 h (D,.. 48)and 72 h (D,,. 72) of storage at
37°C. The value of (k*) the biomolecular quenching
rate btained i diately at the end of the
transfer is significantly smaller than the initial value of
k* and the values of k* obtained after 48 and 72 h
storage. This result shows that the accessibility of dehy-
droergosterol to acrylamide (which presumably resides
in the aqueous media) is less in the non-exchangeable
pool than it is in the exchangeable pool. However. after
incubation the increase in k* suggests that dehydro-
ergosterol spontaneously rearranges in the vesicle bi-
layer to an organization similar to that at zero time. A
plot of the In k* versus time for SPM donor vesicles
(Table 1I) is a straight line indicating that reorganiza-
tion is a first order process with a half-time of roughiy
24 h.

In order to determine whether this reorganization
prod ble DHE, a
second transfer at 50°C was carried out with fresh
acceptors using SPM donor vesicles collected at the end

fresh popu
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TABLE 11

Lifetimes and acrylamide quenching constanis for DHE in SPM donor
vesicles at 37°C

D,  D,° D,48° DJ72°
7 (ns) © 0.887 0.937 0.922 0.922
k* (M~ "ns™Hd 028 0.06 012 0.21

* D, and D, designate da1a nhtained with danor vesicles separated
from acceptor vesicles by ion exchange chromatography at the
beginning and immediately at the end of the transfer i

non—exchangeable pool are smaller, but the size of this
pool is larger. The dll‘ferences in the transfer rate be-
tween the two phospholipids can be explained, as in the
case of chol I, as a of the diffe

in the lateral packing density and therefore in the Van
der Waals attractive interactions between the sterol and
the phospholipids matrix [14,15], while the differences
in the nonexchangeable pool are a result of the co-ex-
istence of a sterol-rich and a sterol-poor domains as

respectively.

* D_48 and D_.72 designate data obtained with donor vesicles
separated from acceptor vesicles by ion exchange chromatography
at the end of the incubation period, followed by 48 h and 72 h
storage, respectively. For details, see text.

F lifetime of To. in vesicles was de-
termined by means of multifrequency phase-modulation fluorome-
try [12). The instrument was a SLM 4800 fluorometer (Urbana, IL).
The light source was a He-Cd laser (Liconix, Inc., Sunnyvale, CA)
with a 325 nm excitation wavelength. The excitation polarizer was

lained elsewhere [2).

The data presented in this paper establish the fact
that in phospholipid vesicles ining DHE, this sterol
is organized into a readily transferable pool and a
second pool that in the time frame of the experiments is
non-transferable suggesting a general pattern of behav-
ior of sterol in bilayers. In SPM vesicles in particular
the intravesicular generation of one pool from the other
occurs at quite different rates. The generation of the

set at 35° with respect to the vertical plane, A ion of
glycogen in water was used as the scattering reference signal. Phase
and ion data were i using ion frequen-

cies ranging from 5 MHz to 200 MHz and the data were fitted
either with the conventional multi-exponential decay law or with
the Lorentzian distribution function [13), using a non-linear least
square procedure developed by ISS, Inc. Both fitting procedures fit
equally well to a single lifetime made with X? near 1.

The dynamic quenching rate constant, k*, can be calculated as-
suming that only a dynamic quenching mechanism operates, by the
following equation: F®/F =1+ k*.7,[Q] where F/F is the ratio
between the fluorescence intensities in the absence of quencher and
each quencher addition, corrected for volume changes in back-
ground, 7, is the lifetime of DHE in the absence of quencher and
[Q] is the acylamide concentration. At least seven different con-
centrations were used for each Stern-Volmer plot and the correla-
tion coefficient of the linear regression was better than 0.95.

of the initial transfer, but then stored for 24 h. As a
result of the 50-fold dilution occurring during sep-
aration of donors and acceptors on the ion exchange
column, it was difficult to obtain accurate intensity
measurements during the second transfer. However, a
significant amount of transfer was detected (data not
shown). Thus a transferable population of DHE was
regenerated concomitant with the return of normal
quenching characteristics. The same behavior, that is,
the decrease in k* in donor vesicles at the end of the
transfer and then the regeneration of the original
quenching characteristics of the donors, is also seen in
POPC donor vesicles but at a much more rapid rate
(data not shown). It thus is clear that the rate of
reorganization of DHE in the non-exchangeable pool
depends on the type of matrix phospholipid. This is also
the case with the DHE transfer rate constants and the
size of the exchangeable pools. For SPM vesicles com-
pared to POPC vesicles under similar conditions, the
transfer rate as well as the reorganization rate of the

ble pool from the transferable pool ap-
pears to be the faster of the two processes. The experi-
mental designs developed in this study will permit us to
generate SPM/DHE and SPM/cholesterol vesicies
which have only a non-exchangeable or only an ex-
changeable pool of sterol. Studies are also under way to
1 the i i een DHE and cholesterol
when both are present in the same bilayer.
This study was supported by PHS NIH Grants GM-
14628 and HL-17576,

References

1 Bar, LK., Barenholz, Y. and Thompson, T.E. (1986) Biochemistry
25, 6701-6705.
2 Bar, LK, Barenholz, Y. and Thompson, T.E. (1987) Biochemistry
26, 5460-5465.
3 Schroeder, F. (1984) Prog. Lipid Res. 23, 97-113.
4 Yeagle, P.L,, Bensen, J., Greco , M. and Arena, C. (1982) Bio-
chemistry 21, 1249-1254,
5 Archer, D.B. (1975) Biochem. Biophys. Res. Commun. 66, 195-201.
6 Rogers, 1., Lee, A.G. and Wilton, D.D. (1979) Biochim. Bicphys.
Acta 552, 23-37.
7 Johnson, M.L. and Frasier, S.G. (1985) Methods Enzymol. 117,
301-342.
8 Nemecz, G. and Schroeder, F. (1988) Biochemistry 27, 7740-7749.
9 Eftink, MR. and Ghiron, C.A. (1981) Anal. Biochem. 114,
199-227.
10 Fischer, RT., Stephenson, F.A., Shafree, A. and Schroeder, F.
(1985) J. Biol. Phys. 13, 13-17.
11 Muczynski, K.A. and Stahl, W.L. (1983) Biochemistry 22,
6037-6048.
12 Gratton, E. and Limkeman, M. (1983) Biophys. J. 44, 315-324.
13 Alcala, J R., Gratton, E. and Prendergast, F.G. (1987) Biophys. J.
51, 597--604.
14 Schmidt, C.F., Barenholz, Y. and Thompson, T.E. (1977) Bio-
chemistry 16, 2649-2656.
15 Lund-Katz, S., Laboda, H.M., McLean, C.R. and Phillips, M.C.
(1988) Biochemistry 27, 3416-3423.



