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ABSTRACT We obtained vesicles from purple membrane of Halobacterium halobium at different suspension compositions
(pH, electrolytes, buffers), following the procedure of Kouyama et al. (1994) (J. Mol. Biol. 236:990-994). The vesicles
contained bacteriorhodopsin (bR) and halolipid, and spontaneously formed during incubation of purple membrane suspen-
sion in the presence of detergent octylthioglucoside (OTG) if the protein:OTG ratio was 2:1 by weight. The size distribution
of the vesicles was precisely determined by electron cryomicroscopy and was found to be almost independent on the
incubation conditions (mean radius 17.9-19 nm). The size distribution in a given sample was close to the normal one, with
a standard deviation of ~=1 nm. During dialysis for removal of the detergent, the vesicles diminished their radius by 2-2.5
nm. The results allow us to conclude that the driving force for the formation of bR vesicles is the preferential incorporation
of OTG molecules in the cytoplasmic side of the membrane (with possible preferential delipidation of the extracellular side),
which creates spontaneous curvature of the purple membrane. From the size distribution of the vesicles, we calculated the
elasticity bending constant, Kz ~ 9 X 1072° J, of the vesicle wall. The results provide some insight into the possible formation
mechanisms of spherical assembles in living organisms. The conditions for vesicle formation and the mechanical properties
of the vesicles could also be of interest with respect to the potential technological application of the bR vesicles as light
energy converters.

INTRODUCTION

As shown recently (Kouyama et al., 1994), closed shellsame direction (their cytoplasmic side facing the external
(vesicles) spontaneously form from the purple membrane ofnedium), and 2) the vesicles contain some native lipid,
Halobacterium halobiumwhen the latter is incubated at which probably contributes to the stabilization of the protein
elevated temperatures in the presence of a detergent, octyggregate. Transformations of the spherical vesicles into
thioglucoside (OTG). Under certain conditions, the vesiclegsubular and doughnut-like structures were observed (when
formed well-shaped hexagonal crystals of millimeter sizethe ionic strength of the aqueous medium was lowered) and
Atomic force microscopy and x-ray diffraction experiments discussed with respect to the mechanisms of morphological
showed that these crystals were composed of apparentbhanges of some subcellular membranes.
monodisperse vesicles (radit25 nm), closely packedina  That study (Kouyama et al., 1994) poses several ques-
hexagonal three-dimensional array. However, the diffractions that deserve further investigation. First it remains
tion pattern revealed only the mean interparticle center-tounclear what the driving force is for the spontaneous bend-
center distance, and another lattice constant, which waigg of the purple membrane that forms vesicles of such a
close to the unit cell size in the purple membrane. The lattepigh curvature (radiuss 25 nm). As known, the planar
result was interpreted as an indication that the trimericstructure of purple membrane is very stable in aqueous
structure of bacteriorhodopsin (bR) was retained in thesolutions. Closed cell envelope vesicles from purple mem-
vesicles, but the orientation of the trimers in the space Wagrane can be obtained by sonicationtbf ha|obium(see’
isotropic rather than crystalline. The photoactivity of thee_g_, Tributsch and Bogomolni, 1994), but their radius is
vesicles was studied, and the results led to the conclusiort§pica||y one order of magnitude larger~R00 nm).
that 1) practically all of the bR molecules are oriented in thex ouyama et al. (1994) also mentioned that closed vesicles
could be obtained by sonication of purified purple mem-
brane in the presence of salts and ether, but the efficiency of
Received for publication 22 August 1997 and in final form 1 DecemberCONVersion was low. On the other hand, Tributsch and
1997. Bogomolni (1994) reported that reconstituted vesicles of bR
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The revealing of the driving force of vesicle formation is reduces the resolution, especially in direction perpendicular
of interest because it could give some insight in the mechto the 2D crystal plane. The problem could be overcome, in
anisms of formation of spherical protein assemblies in liv-principle, if the protein molecules can be oriented in differ-
ing nature. A number of proteins are able to form sphericaknt directions with respect to the plane of the electron
aggregates in vivo: clathrin (Pearse and Crowther, 1987)nicroscope grid (Sakata et al., 1992; Takeda et al., 1995).
coatomer complex (Kreis, 1992; Orci et al., 1993), ribofla- Therefore, the formation of a true 3D or 2D crystal com-
vin synthase (Ladenstein et al., 1988), and the proteinposed of protein vesicles is one opportunity for overcoming
assembling in viral capsids (Caspar and Klug, 1962; Harrithe missing cone problem and to improve the resolution of
son, 1984; Branden and Tooze, 1991). Three well-knowrthe structural analysis.
examples of the important role of protein-containing vesi- Last but not least, the interest in bR vesicles is stimulated
cles in eukariotic cells are the clathrin-coated vesicles thaby their nontrivial photochemical activity. As shown by
realize the endocytosis of ligands bound to the cell surfaceQesterhelt and Stoeckenius (1973), bR acts as a light-driven
the coatomer-coated vesicles that transport the proteins fgroton pump in the photosynthesis performedHayhalo-
and from the Golgi complex; and the synaptic vesicles in thebium (see also Khorana, 1988; Ebrey, 1993). The resulting
nerve cells that transfer the neurotransmitters from the pregH gradient across the purple membrane is used by the
synaptic cell into the synaptic cleft (Darnel et al., 1990;bacteria to synthesize ATP. Quite recently Trubitsch and
Alberts et al., 1994; Kelly, 1993). All of these types of Bogomolni (1994) (see also Birge, 1994) discovered that
protein-containing vesicles are of similar size (20-50 nm inthe bR vesicles could create sustained periodical changes
radius), and the driving force of their formation is still a (oscillations) in the pH of the surrounding aqueous medium,
matter of discussion in the literature. Sometimes the curvawhen the suspension is illuminated with continuous light.
ture of protein-enriched membranes is explained by theé\ccording to the authors, these oscillations are evidence
two-dimensional aggregation of asymmetrical (“conical” in that bacteriorhodopsin incorporates a positive synchronized
shape or peripheral) membrane proteins, but other explandeedback in regulating its proton pumping activity. The
tions are also feasible (Israelachvili, 1977; Israelachvili etmolecular mechanism responsible for this complex behavior
al., 1980). Therefore, studies of artificially synthesized,of the bR molecules is still unclear, although a great ad-
highly curved aggregates (such as the bR vesicles) couldance in the structural analysis of the molecules has been
help one more deeply understand the processes of vesicéehieved (Henderson et al., 1990; Grigorieff et al., 1996;
formation in living organisms. Kimura et al., 1997).

As a rule, the vesicles in eukariotic cells, discussed The aims of the present study are to further analyze the
above, are not monodisperse, and a substantial variation structure of the bR vesicles by electron cryomicroscopy, and
the size of coexisting vesicles is usually observed. This is iro search for the driving force of the vesicle formation from
great contrast to the fixed size of the capsids of quasispherthe planar sheets of purple membrane. We vitrified thin
cal viruses. The proteins, building up the protein capsidaqueous films, containing vesicles, by ultrarapid freezing in
assemble in a very regular cage, which in its turn can beold cryogen liquid, and then observed the frozen samples
crystallized into three-dimensional (Klug and Caspar, 1960by electron microscope at190°C (Dubochet et al., 1988).
Caspar and Klug, 1962) or two-dimensional crystals (HorneThis method is particularly appropriate for the investigation
and Pasquali-Ronchetti, 1974; Horne, 1979). These crystalsf soft molecular aggregates that are unstable when dried,
were very useful for the structural analysis of viruses bylike the bR vesicles, because vitrification ensures excellent
x-ray diffraction and electron microscopy. The three-dimen-structural preservation and no staining or fixation reagents
sional (3D) arrays of bR vesicles, however, did not showare needed, which could affect or even disrupt the vesicle
diffraction patterns that allowed a search for any structurabtructure. The size distribution of the vesicles can be deter-
details (Kouyama et al., 1994). The reason for this poomined to very high precision. The results show that the bR
diffraction pattern remained unclear. It could be due simplyvesicles have no regular structure, like that of the icosahe-
to the different orientation in the 3D array of otherwise dral viruses, although their size is much more uniform
identical in structure vesicles, but it could reflect also thecompared to the vesicles in eukariotic cells. To understand
possibility of a different structure of the vesicles in the arraythe mechanism of vesicle formation, we prepared a number
(despite their similar size). of samples incubated at different conditions. As described

The interest in the 3D crystallization of membrane pro-below, the comparison of the size of the vesicles in these
teins (Henderson and Shotton, 1980; Michel and Oesterhelsamples, along with some other results, allowed us to for-
1980; Michel, 1982; Schertler et al., 1993; ibrandt, mulate a sound hypothesis about the driving force of the
1988) is also created by the fact that the vertical resolutiorpurple membrane transformation into vesicles.
of the electron diffraction studies of tilted 2D protein crys- The article is organized in the following way. The next
tals is lower than the lateral resolution, because of thesection presents the experimental procedures; the third sec-
so-called missing cone problem (Henderson and Unwintion describes the experimental results; in the section titled
1975). Briefly, the specimen cannot be tilted by anglesMechanism of Vesicle Formation and Vesicle Structure,
larger that~60° because of technical constraints. The ab-these results are discussed from the viewpoint of the mech-
sence of data in the high tilting angle region (missing conejnism of vesicle formation; in the section titled Bending
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Constant of Nondialized bR Vesicles, we calculate the(maintained by phosphate or citrate buffer) and 6.4 (phosphate buffer).
bending elasticity modulus of the vesicle membrane fromSamples 7 and 8 were incubated in the presence of 0.22 M NaCl and 1.25
the measured size distribution of the vesicles by using &' AS at higher pH (pH 8, maintained by HEPES).

th d . h. Th lusi : Two-milliliter aliquots of these suspensions were incubated at 32°C for
ermodynamic approach. € conclusions are Summanze&‘g least 5 days (see Fig. 1). After the incubation period, the samples were

at the end. centrifuged at 4000 rpm for 40 min to remove the formed precipitate of
irregularly stacked membranes. By electron microscopy we found that the
remaining supernatant liquor contained closed spherical shells of purple

EXPERIMENTAL PROCEDURES membrane of radius 20-25 nm. For brevity, hereafter we will call the

closed shells of purple membrane bacteriorhodopsin vesicles (bR vesicles).

To remove the excess of OTG and electrolytes from the bR suspensions,

The vesicles were prepared by following the procedure of Kouyama et althe latter Were dialyzed in twq ;tages against electrqute solutions of lower

(1994). Purple membrane from. halobium strain JW3, was purified as concentrations. The composition of the used solutions depended on the

described by Oesterhelt and Stoeckenius (1974). After washing with 0.17950mposition of the original suspension (see Table 1):

Tween 20 (Fukuda et al., 1990), the purple membrane (2-5.8 mg/ml) was

suspended in a solution of 2.3-9.3 mM octylthioglucoside (OTG), bufferProcedure 1: (a) 0.5 M ammonium sulfate and 0.05 M phosphate buffer of

Preparation of the vesicles

(citrate, phosphate, or HEPES), electrolytes (0.22 or 0.4 M NaCl and pH 6.4;

0-1.25 M ammonium sulfate), and 0.05% NaNhe composition of the (b) 0.1 M ammonium sulfate and 0.01 M phosphate buffer of
original suspension for each of the studied samples is specified in Table 1. pH 6.4.

Briefly, samples 1-3 were incubated in the preserfcé M ammonium Procedure 2: (a) 0.5 M phosphate buffer of pH 6.4;

sulfate (AS) and 0.4 M NaCl at different pH (5.2, 6.4, and 7.7, maintained (b) 0.1 M ammonium sulfate.

by citrate, phosphate, and HEPES buffers, respectively). Samples 4—Brocedure 3: (a) 0.5 M citrate buffer of pH 6.4,

were incubated in the presence of 0.4 M NaCl (without AS) at pH 5.2 (b) 0.1 M citrate buffer of pH 6.4.

TABLE 1 List of the studied samples

Conditions of vesicle formation

Purple
Sample membr. oTG Buffer AS Procedure

code (mg/ml) (mM) pH (mM) (M) NacCl (M) of dialysis Mean radius: SD (nm)

INd 5 6.7 5.2 40 1 0.4 Nondialized 17.9 0.9
citrate

1Dd 5 6.7 5.2 40 1 0.4 1 15.9+ 1.1
citrate

1LD 2 4.6 5.2 40 1 0.4 1 15.7+ 0.9
citrate

2Nd 5 6.7 6.4 100 1 0.4 Nondialized 18.ax 1.1
phosph.

2Dd 5 6.7 6.4 100 1 0.4 1 15.7+ 0.7
phosph.

2LD 2 4.6 6.4 100 1 0.4 1 157 1.1
phosph.

3Dd 5 6.7 7.7 80 1 0.4 1 15.5- 0.8
HEPES

4Nd 5 6.7 5.2 1000 0 0.4 Nondialized 19.@ 1.2
phosph.

4Dd 5 6.7 5.2 1000 0 0.4 2 15.3+ 1.0
phosph.

4LD 2 2.3 5.2 1000 0 0.4 2 16.4+ 0.8
phosph.

5Dd 5 6.7 6.4 800 0 0.4 2 16.6+ 1.1
phosph.

6Nd 5 6.7 5.2 700 0 0.4 Nondialized 18 1.1
citrate

6Dd 5 6.7 5.2 700 0 0.4 3 16.7+ 1.2
citrate

7Dd 5.8 7.0 8.0 100 1.25 0.22 1 14.9- 0.8
HEPES

8Dd 5.8 9.3 8.0 100 1.25 0.22 1 147 1.1
HEPES

The number (1-8) in the sample code denotes the composition of the suspension during incubation; the letter Nd means that the sample is nondialyzec
the abbreviation Dd means that the sample is dialyzed; the abbreviation LD means that these are dialyzed samples obtained after incubatio®at lower OT
and purple membrane concentrations. AS means ammonium sulfate. The procedures for dialysis are described in the text. The last column camtains the me
radius and the standard deviation, obtained from the size distribution of the vesicles in the given sample, as explained in the text. The qusted radius
defined with respect to the darkest portion of the vesicle contour. The outer radius of the vesi@2%nm larger.
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18°C (Beckman TL-100 ultracentrifuge, rotor type TLA 100.2). The excess
purple membrane OTG of the colorless supernatant was removed, and the sediment of concentrated
(A) — Salts vesicles was kept at rest for several hours to ensure the spontaneous
— _, Buffer spreading of the vesicles throughout the suspension without mechanical
agitation. These suspensions were very stable over time, and no visible

changes were detected over months of shelf storage.

(B)

Cryomicroscopy

D)

I

centrifugation .

r
'
[

O BR vesicles
O OTG, salts
(high
O concentr.)
" dialysis  ;
O BR vesicles
O traces of OTG
o salts (moderate
concentration)
centrifugation |

CIryomicroscopy

Electron cryomicroscopy

The preparation of vitrified samples for electron cryomicroscopy was
performed by the method for controlled formation of vitrified films devel-
oped recently (Denkov et al., 1996a). The procedure included the formation
of a single, relatively large diameter (50—1fn) water-in-air film in the
central hole of a disc-shaped film holder (see figures 1-3 in Denkov et al.,
1996a). The diameter of the liquid film could be precisely controlled by
sucking in or out (through a side capillary) some amount of the suspension,
from which the film was formed. The film was observed by optical set-up,
including an illuminating monochromatic light source and a long-focus
magnifying lens. The liquid film thickness was determined from the
intensity of the light reflected by the film (Scheludko, 1967). When
the liquid film attained its desired thickness§0 nm), it was plunged into

a cooling liquid (1:1 mixture of ethane and propané,90°C) for vitrification.

The advantages of the method used for sample preparation are 1) the
vitrification is accomplished at the optimal film thickness (slightly larger
than the vesicle diameter), thus ensuring better contrast of the images and
absence of “flattening effect” (Dubochet et al., 1988), and 2) by controlling
the film diameter, one can produce a well-ordered two-dimensional (2D)
array of vesicles, which is suitable for further image analysis (Denkov et
al., 1996b). The formation of a 2D array requires an appropriate vesicle
concentration in the suspension used for film formation. We found by trial
and error that a bR concentration of 0.22 mg/ml was most suitable for our
purpose. Much lower concentrations of bR vesicles lead to the formation of
a thin liquid film without vesicles inside, whereas slightly higher concen-
trations resulted in disordered mono- or multilayers of vesicles, which were
not suitable for further image analysis. Such an adjustment of the bR
concentration was performed only for the dialyzed samples; the nondia-
lyzed samples were studied as obtained in the incubation procedure after
removal of the precipitate (see the previous subsection and Fig. 1).

The frozen film was transferred into the electron microscope for obser-
vation at low temperature by means of CT 3500 cryo-transfer stage

FIGURE 1 Schematic presentation of the procedures for Samp|e prepdoxford |nstruments). The Shleldlng blades of the CryO-hOlder were Opened

ration (Kouyama et al., 1994)Af The bR vesicles were spontaneously at least 15 min after the insertion of the sample in the microscope to reduce
forming during the incubation of purple membrane at 32°C in the presencéce condensation on the specimen. The observations of the samples were
of detergent octylthioglucoside (OTG), electrolytes, and buff@gsAfong ~ Performed at-180°C and magnification 20K in a JEM-1200 EX JEOL
with the vesicles, a precipitate of irregularly stacked membranes formedtransmission electron microscope (120 kV), equipped with an anticontami-
and it was removed by soft centrifugatiol©)(The purified suspension of ~nator JEOL. The micrographs were taken with the minimum dose system
vesicles was studied by electron cryomicroscopy, or it was dialyzed forto reduce the radiation damage, and highly sensitive negative films were
removal of OTG and to decrease the electrolyte concentratinThe  used (MEM; Mitsubishi Paper Mills, Tokyo, Japan). The total electron
concentration of bR in the dialyzed samples was measured spectrophotgose of the samples was thus reduced to less thare/2a®.

metrically, and the suspensions were concentrated by ultracentrifugation. The micrographs were digitized for image analysis by means of an

(E) The final concentration of 0.22 mg/ml bR was most suitable for automatic digitizer (Perkin-Elmer) at a resolution of 1.25 nm/pixel. The
electron cryomicroscopy. size of the images was-1200 X 1200 nm, which corresponded to

500-700 vesicles in one image. The single-particle image analysis was
performed at the Max Planck Institute for Biochemistry (Martinsried,
e(E-ermany) on larger images digitized on a Leafscan 45 equipment (Leaf

The samples were centrifuged at 10,000 rpm for 20 min to remove th ) . A L
Systems, MA), with a resolution of 0.75 nm/pixel and containing up to

small precipitate formed during the dialysis. )
The dialyzed samples contained bR vesicles, traces of OTG, and eleé‘-800 vesicles.

trolytes of moderate concentration. The concentration of bR in the dialyzed

suspensions was determined by measuring the light absorption in a UV-

visible spectrophotometer (UV-240; Shimadzu, Japan) at light wavelengttRESl-"-Ts

(A = 568 nm). By using the value of the molar extinction of the light- . . . . .

adapted bR monomet4, = 6.3 X 10° M~* cm~%; Rehorek and Heyn, Conditions of incubation at which vesicles

1979), we calculated the bR concentration from the measured light absorareé formed

tion. Finally, the samples were concentrated to reach the desired concei& f Table 1. th icl t v f d
tration of 8.7x 10~*M monomers (0.22 mg/ml bacteriorhodopsin), which S seen from Table 1, the vesicles spontaneously forme

was most suitable for the electron cryomicroscopy study (see below). Th&lUring the incubation at a variety of conditions. The pH of
samples were concentrated by ultracentrifugation at 50,000 rpmlicat ~ the solutions was varied between 5.2 and 8, the concentra-
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tion of ammonium sulfate was varied from 0 to 1.25 M (thus Size and shape of the vesicles

changing the ionic strength of the solution as well), thre . . .
different buffers were used (citrate, phosphate, an?jThe contrast in the micrographs of nondialyzed samples was

. . . very low because of the high concentration of salts in the
HEPI_ES), and in all of.these cases we obtained vesicles Ozifzueous medium. In samples 3 and 5, we were not able to
practically the same size.

h itical condition for obtainina bR vesicl see the vesicles clearly, even when the micrographs were
e most critical condition for obtaining bR vesicles was i, oy ¢ large underfocus or overfocus values (up:i®

the ratio of the purple membrane and detergent (OTG), ) Therefore, we do not present data about the size of the
concentrations. To further clarify this point, we performed,gjcies before dialysis for these two samples. Nondialyzed
additional experiments in which the membrane concentrasammes 7 and 8 were not studied by cryomicroscopy. The
tion was varied between 0.3 and 7 mg/ml and the surfactanjfesicles in nondialyzed samples 1, 2, 4, and 6 could be seen
concentration between 0.2 and 10 mg/ml The vesicle forat re|a‘[ive|y |arge underfocus (See F|g 3), and the average
mation was quantified by monitoring whether crystals madeyesicle size was determined from digitized images by using
up of spherical vesicles, like those observed by Kouyama e4 particle analysis software (Stanley Electric Co., Yoko-
al. (1994), were produced when the detergent-membrandrama, Japan) (see Table 1). Between 60 and 150 vesicles
salt mixtures were gradually concentrated by vapor diffu-were measured for each of the samples to determine the
sion (against a reservoir containing 1.9-2.1 M ammoniumaverage radius and standard deviation. Remarkably, the
sulfate and 0.08 M sodium citrate at pH 5.2). As seen fronaverage size of all nondialyzed samples fell within the
Fig. 2, vesicular arrays were obtained only when the weightarrow range between 17.9 and 19 nm, irrespective of the
concentration of the protein was about twice that of thedifferent conditions at which the vesicles were obtained (cf.
surfactant (see the two lines in Fig. 2 that enclose the regioffe radii of samples 1Nd, 2Nd, 4Nd, and 6Nd in Table 1).
where vesicular crystals were formed). The excess of purpléhe averaged value from all studied nondialyzed samples
membrane resulted in the formation of a sediment ofvas 18.5 nm. On the other hand, the standard deviation

stacked flat membranes (due to the high ionic strength of th¥ithin ach sample was abodtl.1 nm (-6%), i.e., the
solutions). On the other side, the excess of OTG led tyesicles in a given sample showed a considerable variation
removal of the retinal from the bR molecules (Kouyama etin their size. In a given micrograph, one can easily distin-

al., manuscript submitted for publication) and to the forma_guish vesicles that were substantially smaller or larger com-
’ pared to the average size.

tion of a sediment with an irregular, amorphous structure! Manv of the vesicles in the nondialvzed samples were
We suppose that OTG of higher concentration caused a y Y P

strong delipidation of the purple membrane and a partiaF”ipSOidal in shape, which indicated that these vesicles were
: : rather deformable (this point is discussed in more detail in

denaturation of th? proteln_ molecules. Therefpre, ON€ Cathe second subsection of the Discussion, below). The aspect
concludg that vesicles, which are photoc_:hempally a(_:t'veratio (large to small axis) of the projections of the vesicles
are obtained only at an appropriate, refatively high ratio ofi, the pjane of the film was sometimes as large as 1.3. The

protein to detergent (2:1 by weight). precise determination of the radius of the vesicles was also

hindered by the nonhomogeneous, grainy background of the

micrographs (see Fig. 3), which was created by the presence
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FIGURE 2 Diagram showing the concentration ranges where bR vesi-

cles were formed. The two inclined lines are drawn as guides for the eyeFIGURE 3 Cryoelectron micrograph of vesicles in vitrified film ob-
The incubation of these samples was performed at pH 5.2 in the presendained from nondialyzed sample 6Nd. One vesicle of ellipsoidal shape is
of 1.25 M ammonium sulfate, 50 mM sodium citrate, 0.14 M KCI, and indicated by the arrow. The dark spots of irregular shape are crystals of
0.05% sodium azide. cubic ice deposited as a contamination on the surface of the specimen.
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of many micellar aggregates of OTG having a diameter ofvesicles in vitrified films from several of the samples. In
several nanometers. most cases, however, the arrays were distorted because of
The contrast of the micrographs from dialyzed imageshe polydispersity of the vesicles and the procedure for
was substantially better, because of the lower salt concenvitrified film formation. These specimens were very conve-
tration and the absence of OTG micelles. The size of 80njent for vesicle size determination, but were inappropriate
500 vesicles was measured in each sample, and the sifgr refined image analysis.
distribution histograms were built (see Fig. 4, where the \we succeeded in obtaining a 2D array that was fairly
histogram of sample 2Dd is shown as an example). The SiZPeguIar and large in area from sample 2Dd (the one with
distribution of most samples could be well represented by, rowest size distribution) (see Fig. 5). The liquid film
normal distribution with a standard deviation closet®.0  hickness just before vitrification was 59 nm. Micrographs

nm. Sample 2Dd showed a somewhat narrower distributiony o taien from this specimen at different underfocus and
(SD =0.7 nm), but small and large vesicles were still easily verfocus values (from-4 to +8 wm), and the average

perceptible. The average radius of all dialyzed samples fel e . . .
in the interval between 14.7 and 16.7 nm. The radius of the enter-to-center distance between the vesicles in the array

. . . was measured as 44.7 nm. We did not observe electron
vesicles in samples 7Dd and 8D« (L4.8 nm), which were : .

. : diffraction spots from this sample, however, because the
obtained at pH 8, was slightly smaller than the averag

radius of the other dialyzed samplesi(5.9 nm), but it is Efattice constant of the vesicles in the array (44.7 nm) was too

difficult to decide whether this difference is statistically large to be de_tected. ) _
significant. On the other hand, the comparison of the radii of FOM the size of the vesicleR(= 15.7) and the in-
dialyzed and nondialyzed vesicles (see Table 1) clearljervesicle distance, one can calculate the gap between two
indicated that the vesicle radius diminished b5 nm  Vesicles in the array to be-3 nm (the thickness of the
upon dialysis. This value is well above the error of the sizeVesicle wallis 4.5-5 nm; Henderson and Unwin, 1975). One
measurements and is rather reliable. On the other hand, tti@ssible reason for this relatively large intervesicle separa-
width of the size distribution remained practically the sametion could be the presence of a strong electrostatic repulsion
(+1.0 nm). It is worth noting that the dialyzed vesicles between the charged walls of the vesicles. Such an electro-
appeared as spherical shells. No elliptically shaped vesiclestatic barrier would prevent the vesicles from direct contact,
like that shown in Fig. 3, were seen. The damaged vesicle#hus keeping them at a certain distance from each other. The
seemed like broken rigid shells rather than deformed flexequilibrium separation between charged particles is deter-
ible “balls.” We interpret this observation as an indication mined by the interplay of electrostatic and van der Waals
that the dialyzed vesicles are substantially stiffer comparefbrces acting between them, and typically appears at several

to the nondialyzed ones. times k1, wherex is the inverse Debye screening length
The implications of these results are reviewed in the(see, e.g., section 12 in Israelachvili, 1992). One can esti-
Discussion. matex ! ~ 0.6 nm in the studied solutions, which agrees

with the measured intervesicle separation.
The micrographs of the ordered arrays were digitized, and
a conventional 2D Fourier filtering of the images was ac-
Following the procedure described previously (Denkov efcomplished to reduce the noise and to achieve image aver-
al., 1996a,b), we obtained more or less ordered, 2D arrays Qfging. The numerical diffraction pattern showed significant
spots of up to 6—7 nm (see thesetin Fig. 5). Accordingly,
we could distinguish dark spots separated at a distance of

Two-dimensional arrays and image analysis

gg ____________ e ~7 nm in the central region of the average unit-cell struc-

4 v R Mean = 15.7 nm _ ture (the average image of the vesicles) obtained by inverse
20 - Stand. dev. = 0.7 nm Fourier transformation. However, the obtained structure de-
20 : pended on the particular place in the specimen, and on the
18 size of the digitized image. These observations convinced us
12 """ that the obtained arrays are not true 2D crystals, which is not

surprising, keeping in mind the nonuniform size of the
vesicles. Furthermore, the fine structure inside the “aver-
age” vesicle (discernible after the above “window filtering”
procedure) obviously contained artefacts caused by the lim-
e ited size of the analyzed images.

' We proceeded further by trying single-particle, cross-
correlation analysis. We collected vesicle images from the
“best” negatives (including that shown in Fig. 5), and per-
formed single-particle analysis on a data set containing
FIGURE 4 Size distribution histogram of the vesicles in sample 2Dd. more than 12,000 vesicles. However, this analysis did not

12 ~Normal distrib. B
(fitofdata) /7 7/ io0bh |

FREQUENCY
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FIGURE 5 Two-dimensional array of vesicles from sample 2Dd. The mean intervesicle center-to-center distance is 44.7 nm. The inset shows the
numerical Fourier transform of a digitized image containing 350 vesicles. The outermost spots correspond to 7-nm resolution in real space.

provide new structural information. Although some fine 3. All of the studied samples were of approximately the

structure (dark spots separated from each other by 6—7 nm) same size when compared either before or after dialysis

could be discerned in the central part of many vesicles inthe (see Table 1).

original images; the lateral and rotational alignment using#. All of the samples exhibited a certain vesicle size distri-

different methods (single-reference or multireference align-  bution with approximately the same standard deviation,

ment), as well as the eigenvector analysis and classification, o~ *1 nm.

did not reveal any characteristic structural motif. 5. The vesicles shrunk in size upon dialysis and reduced
Three main reasons for this negative result can be out- their mean radius by 2-2.5 nm; the vesicles became

lined: 1) the vesicles are rather variable in their fine struc- Stiffer after dialysis.

ture, so that the averaging is not able to reveal a repeating

motif; 2) the contrast in the central region is too low, From other experiments (Kouyama et al., 1994, and manu-

because the thickness of the vitrified film is much largerSCcript submitted for publication) we know that 1) the bR

compared to the protein shell; and 3) observation of the find€tains its_native, ac_tive conformaf[ion and the basic trimeric

structure is prevented by the fact that the top and bottonFtructure in the vesicles; 2) practically all of the bR mole-

regions of the vesicle wall are superimposed in the image<UIes are oriented so that the cytoplasmic side (C-terminal
end of the molecule) faces the external medium; and 3) the

vesicles contain some native lipid—as shown by Wang and

Kouyama (unpublished data), the vesicles contained the
DISCUSSION same number of phospholipid molecules per bR trimer
before and after dialysis; there are no data for the glycolipid
at present.

All of these facts considered together imply that the
Let us start with a summary of the experimental factsspontaneous bending of the purple membrane in the process
described in the Results: of vesicle formation is due to a preferential incorporation of

OTG molecules in the cytoplasmic side of the purple mem-

1. The vesicles were spontaneously formed when purplérane (see Fig. 6). Indeed, the shrinking of the vesicles
membranes were incubated in the presence of OTG. during dialysis is evidence that OTG molecules are removed

2. The vesicles were formed at a given ratio of the proteirfrom the vesicle membrane, after already being incorpo-
and surfactant (2:1). rated there during the incubation process. In addition, a

Mechanism of vesicle formation and vesicle
structure
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(A)

(B)

FIGURE 6 Schematic presentation
of the processes of vesicle formation
(A to B) and shrinking during dialysis

(B to C). (C)
0-CH, CH,0H 9
o o GH, = 0= F—0-CH,
aOOH  HO/| OOH R=0-CH OH CH-OH 0
R—O0-CH, CH;-O0—P —0OCH;
0 b
Glycolipid sulfate = 2 - E: Phosphatidyl glycerophosphate
R—0—CH,

CH,0H

0.
S\ ?H3 ?Hs (|3H3 ‘|:H3
HOOH CgHy; R: CHy— CH~(CH,);~ CH—(CH,); CH—(CH,);~ CH—CH,—CH,—
OH
Octylthioglucoside

preferential delipidation of the extracellular side could alsobation, means that the electrostatic interactions play a sec-
take place during the incubation (Fig. 6), because of amndary role in the origin of the membrane curvature.
inclusion of glycolipid sulfate molecules in the OTG micel- The phenomenon of asymmetrical incorporation of OTG
lar aggregates, but we have no data to prove (or to rejectholecules (and a possible asymmetrical delipidation of the
this possibility at the present. Besides, the bR moleculepurple membrane) could be anticipated, because the distri-
possess an approximately constant cross section throughduition of native lipids in the original purple membrane is
the membrane thickness. Therefore, the concepts assumikgown to be rather asymmetrical (Henderson et al., 1978;
conical proteins (Israelachvili, 1977, Israelachvili et al., Ebrey, 1993). Almost all lipids in the cytoplasmic side of
1980) could hardly be applied to explain the curvature of thehe membrane are phosphatidyl glycerophosphates (PGPs),
bR vesicles. the major component being the methyl ester PGP-Me (Tsu-
On the other hand, the fact that the vesicle radius pracjimoto et al., 1989; Kates et al., 1993). In the extracellular
tically does not depend on pH and electrolyte concentrationside, however, only about half of the lipids are glycerophos-
(NaCl and ammonium sulfate), maintained during the incuphates, whereas the remaining lipids are glycolipid sulfates
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(Henderson et al., 1978; Kates et al., 1982; Grigorieff et al.py ~400 nnt (25%) during this process, which corresponds
1996). A number of other experimental methods have demto the surface occupied by OTG molecules before dialysis (a
onstrated that asymmetry is an inherent property of themall number of OTG molecules may remain incorporated
purple membrane (Zingsheim et al., 1978). in the vesicles even after dialysis, but this is not taken into
As mentioned above the dialyzed vesicles appeared asccount in the following estimates). Assuming 0.4%rfor
stiff spherical entities in the micrographs. Kouyama et al.the area per OTG molecule, one can estimate th2000
(manuscript submitted for publication) have found that theOTG molecules are incorporated in the wall of one vesicle
vesicles become more stable mechanically after removal ddfter the incubation (note that the OTG molecules are re-
the detergent by dialysis. Therefore, one could expect thanhoved from both monolayers of the lipid bilayer). In other
the dialyzed vesicles comprise tightly packed bR trimerswords,~20 OTG molecules per bR trimer are incorporated.
with some remaining lipid that fills the space between themlIn the original purple membrane we also hav&0 lipid
The number of the bR trimers per vesicle can be estimatetholecules per bR trimer (Fukuda et al., 1990; Grigorieff et
from the sizes of the vesicles and bR. If we assume that onal., 1996). Therefore, the large number of lipid and deter-
bR trimer occupies the same area in the vesicle as in the flatent molecules incorporated in the vesicle wall is responsi-
purple membrane~ 34 nnf), one can estimate the number ble for the high flexibility of the nondialyzed vesicles (dis-
of trimers to be around 95 in a vesicle of radRss 16 nm.  cussed above and in the next section).
This is an approximate figure, because the curvature of the In conclusion, our experimental results can be explained
vesicle surface is not taken into account. If we represent thby a preferential incorporation of OTG molecules in the
shape of one bR trimer with a cylinder of diameter 6.27 nmcytoplasmic side of the purple membrane, rather than by
and height 4.5 nm (Henderson and Unwin, 1975), and takpure geometrical constraints created by the shape of the
into account the curvature of the vesicle shell, the estimategrotein molecules. This preferential incorporation could be
number is~25% smaller & 70 trimers per vesicle). due to the asymmetrical distribution of the native lipids in
It is worth noting that the polydispersity of the vesicle the purple membrane and/or to some specific binding of the
radius in a given sample(1 nm or=6%) correspondstoan OTG molecules to the cytoplasmic side of bR. Further
appreciable variability in the vesicle area (on the order ofbiochemical studies of the lipid composition of the bR
+12%). One can estimate that the standard deviation of theesicles could be rather helpful in formulating a clear pic-
number of bR trimers per vesicle within a given sampleture of the protein-lipid complex in the vesicles.
should be on the order af10.
In some respects, the dialyzed vesicles could be com-
pared with the polyhedral assembly of virus proteins in theBending constant of nondialized bR vesicles

plosed viral shells. If we assume that the ves'icle's POSSESS &le experimental facts summarized in the beginning of the
icosahedral symmetry (similar to that found in viruses), thepjscssion suggest that the polydispersity of the vesicles is

triangulation n'umber that is glosgst to our structur@ s a result of the flexibility of the purple membrane under
4, corresponding to 80 quasiequivalent facets (Caspar anfd.nation conditions. In other words, the variation in ves-

Klug, 1962). However, the structural analysis discusseqq gjse in a given sample is a natural result of the fluctu-
above shows that our vesicles do not have an identicalyjong jn the membrane curvature around the so-called spon-
regular structure, which is typical for viruses. Moreover, thei;naous  curvature (Helfrich, 1973: Israelachvili, 1992
polydispersity of bR vesicles implies that their structure iSKralchevsky et al., 1994). Therefore, one can apply the
not firmly restricted by the geometrical constraints that arethermodynamic theory of aggregation (Isrelachvili et al.,
so important for viruses. Therefore, the analogy between thf980; Mitchell and Ninham, 1981; Israelachvili, 1992) and

structure of the bR vesicles and that of viruses is rathef, - 1ate the bending constant of the vesicle membrane.
hypothetical, unless other arguments are found from future |, 5.cordance with the thermodynamic approach, we

structural analysis. _ consider each vesicle as an aggregate composétisob-
On the other hand, the clathrin-coated and coatomery,iiq (see Fig. 7). In our cash,presents the number of bR

coated vesicles in living cells appear to be much morgimerg (together with the adjacent lipid and surfactant mol-
polydisperse entities (Darnell et al., 1990; Alberts et al"ecules). In principleN could be equal to 1, 2, 3, etc., to

1994). This variability in biovesicle size could play SOME infinity. but in our samplesN is always around 95, as

role in the regulation of the processes with respect t0 theyiscyssed above. In equilibrium, the chemical potential of
size and amount of the substances that must be endocyto protein molecules in all aggregates must be equal:

or transported in the cell. Our results suggest that, in prin-

ciple, such a variation in the vesicle size could be realized o KT Xy

by incorporation of different lipids or lysolipids in the BN = +N|n<N> = const. 1)

membrane (along with the membrane proteins), which

would lead to different radii of spontaneous curvature.  where u, is the chemical potential of a bR trimer in a
As discussed above, the shrinkage of the vesicles upowesicle containingN trimers in total;u, is the standard part

dialysis is explained by desorption of OTG molecules fromof the chemical potential that does not depend on the con-

the vesicle wall (Fig. 6). The area of the vesicles diminishesentration of the aggregates (it depends, however, on the
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fact that the area of the vesicles is proportional to the

N | 2 3
N-1 UDDD number of bR trimers,
N-2
Q; ) N N = 47R¥/A; andM = 47RYA, (6)
\
s
\

! \ (A is the area per one bR trimer), one can rewrite Eq. 5 in
1
: R/': the form
! ! 2 27 RIYR?
\ 7Kg Ro °
/ = —_ _—
_ L e )
A 7
S _.-7 which represents the size distribution of the aggregates in

the sample, according to the adopted model. Equation 7 can

FIGURE 7 Schematic presentation of a vesicle of raéRusontainingN be further simplified, taking into account the fact that the
bacteriorhodopsin trimers (together with the adjacent lipid and surfactant

. - . . 2
molecules). See Discussion for explanation. poWdlSPerSIty |n'our sample; IS Sma”’{_l_R/PO)_ < 1.By
expanding the right-hand side of Eqg. 7 in series around the

radius of spontaneous curvature, and keeping the leading

terms, one obtains
temperature, pressure, and radius of the vesiklg)s the

thermal energy; an¥,, is the total molar concentration of C(R) = C(Ry) exp[ 3 27TKB<R - Ro)z]
the bR trimers, which are captured in aggregates of type kT Ry

If M is the aggregation number corresponding to the mean . . . -
size of the vesicles, than the probability of finding a vesicleEquat'on 8 predicts that the vesicles are normally distrib-

of aggregation numbeX can be found as a direct conse- uted in size around the average radii®, and that the

quence of Eq. 1 (see, e.g., Chapter 16 in IsraelachviIiStandard deviation in the vesicle radiuscan be expressed
T as

1992):

8)

kT 2
X X M(IJ/O _ I-LO) N/M _
e = ®
The standard chemical potential of the protein trimers in theTherefore, the bendlng_elastlcny constdﬁg, can be esti-
vesicles depends primarily on the vesicle radRisat con- mated fro_m the _experlmentally accessible _va_lues of the
stant temperature and pressure. Therefore, we can write (Sgéean vesicle radius,, and the standard deviatiom,

Chapter 17 in Israelachvili, 1992) K kT<RO>2
NS = Nul, + 4R @3) ° o 4m

whereW, is the bending elasticity energy per unit area 0fo;lking typical values for nondialyzed vesicles from our

the membrane. According to Helfrich (1973)j; can be €xperimentsR, = 18 nm,o = 1.1 nm), we calculate from

presented in the form (for small deviations from the spon-Ed- 10 thatg/kT ~ 21 (Kg = 0.87 % 10719_3)- This value
taneous curvature) is very close to the values that were experimentally obtained

for lipid bilayers in the fluid state by several methods (see,
_ Kgfl 1 z @ e.g., Evans and Rawicz, 1990; Israelachvili, 1992). This
B 2\R R result confirms our observation that the nondialyzed vesi-

. . - cles are rather flexible (see Results), and it shows that the
whereK is the so-called bending elasticity constant &gd bending rigidity of the vesicle membrane is comparable

is the radius of spontaneous curvature (we assuméRjiat with that of the fluid lipid bilayers. Note that the numerical

equal_to th_e mean vesicle radil_JS in the §ample). NOte,thaftactor in the denominator in the right-hand side of Eqg. 10
Eq. 4 is written in accordance with the definition of bending 1 14 be 16¢ (instead of 4) if we adopt the Helfrich

energy used by Israelachvili (1992). The bending energy iyefinitions of the bending energy and elasticity constant.

the ori.ginal theory (_Helfrich, 1973) was defined Wit_h the Thus the calculated bending elasticity constant is equal to
numerical factor 2 in the numerator, rather than in the~5kTin the Helfrich notation.

denominator, as it is in Eq. 4. Therefore, the bending elas- The above consideration is applicable only to nondia-

ticity constant |n Helfrich’s notation is four times smaller lyzed vesicles, because they are spontaneously formed dur-
thanKg. Combining Eqs. 2—4, we obtain ing the incubation, and their size distribution corresponds to
M 27K R\21)\WM the equilibrium distribution. As discussed in the previous
o= fed -y iri-w/

(10)

o

N KT R (5)  section, the dialyzed vesicles are stiffer because of the
removal of detergent molecules from the vesicle wall. We

whereCy = X /N is the molar concentration of the aggre- could not estimate the bending elasticity constant of the

gates containingl protein trimers. Taking into account the dialyzed samples by the above procedure, because the size
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distribution in these samples is “inherited” from the primary, for several of the samples was performed by Mr. Fumio Kubo (Stanley
nondialyzed samples, and it is a nonequilibrium distribution. Electric Co., Yokohama, Japan).
This study was performed under the program Exploratory Research for
Advanced Technology (ERATO, JRDC).
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