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Two-dimensional crystallization of a bacterial surface protein on
lipid vesicles under controlled conditions
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ABSTRACT The solubilized surface protein of the Gram-negative bacterium Comamonas acidovorans was reconstituted on lipid
vesicles by means of controlled dialysis. To this end, a multichamber dialysis apparatus was built which allows one to control the
temperature and the dialysis rate, 1o apply various temperatures or buffer systems and sample conditions in a single experiment,
and to monitor the turbidity of the sample by means of light scattering. The reconstitution conditions were optimized such that the
surface protein formed two-dimensional crystals suitable for electron crystallography. The recrystallized surface protein arrays
gave a resolution of ~1.3 nm in projection after correlation averaging of negatively stained preparations. The surface protein
assembled into partially self-contained two-dimensional crystals which possess a strong shape-determining effect and formed

cylinders and various cone-shaped vesicles. The development of the various vesicle forms is described in a model.

INTRODUCTION

It is a prerequisite for high-resolution electron crystallog-
raphy of biological macromolecules to have two-
dimensional crystals available. Recent analyses of sev-
eral membrane proteins such as bacteriorhodopsin (1),
the porins OmpF (2) and PhoE (3) of Escherichia coli,
and the light-harvesting complex II of the photosyn-
thetic apparatus (4) at near atomic resolution have
become possible due to the existence or reconstitution
of large and well-ordered two-dimensional crystals.
Most membrane proteins have been crystallized by one
of the following techniques (for recent reviews, see 5 and
6): induction of crystallization in native or reconstituted
membranes by addition of ligands binding to the protein
(7), lipid depletion by phospholipase treatment (8) or
extraction with detergent (9), or reconstitution of the
solubilized protein into lipid membranes by detergent
removal (10). The latter method appears to be the most
versatile and the most promising for obtaining large
two-dimensional crystals of many membrane proteins.
In principle, this technique should also be applicable
to proteins in which only a portion of the structure
interacts with the membrane. Without sharp limit be-
tween four categories, membrane proteins may be distin-
guished (for a recent review see 11). The first group
comprises proteins which are almost completely embed-
ded in the membrane matrix, such as the bacterial (12)
and mitochondrial porins (13), the bacterial and eukary-
otic photosynthetic reactions centers (except for the
bound cytochrome, 14), (bacterio)rhodopsin (15) and a
number of channel-forming toxins (16, 17). Proteins
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which are integral in the membrane but have an appre-
ciable portion of their mass exposed at one or both
surfaces (=60% or even more) constitute a second
group. Examples of this class are transport proteins such
as the transport ATPases and related enzymes (18-20)
or receptor molecules like the acetylcholine receptor
(21). The third group consists of (surface) proteins
which are anchored to the membrane by a single
transmembrane strand. Examples of this class are the
M-surface proteins of Gram-positive bacteria (22), some
archaebacterial surface layer proteins (23), or the inte-
grin receptor molecules (24). The fourth group com-
prises surface proteins which possess covalently bound
lipid. There are numerous eukaryotic and some bacte-
rial proteins with bound phospholipid or fatty acids
(25,26) or possessing a glycolipid membrane anchor
(27, 28).

The surface protein of the eubacterium Comamonas
acidovorans which is investigated in this study belongs to
group three or four of the above classification. We have
applied various two-dimensional crystallization tech-
niques to the surface protein to improve the quality and
size of crystals for electron crystallography (29, 30). To
study the rather strong interaction of the surface protein
with the underlying membrane and its consequences for
the physico-chemical properties of the membrane, it is
necessary to reconstitute the protein on synthetic lipid
membranes. We have used the approach of controlled
dialysis originally devised for intrinsic membrane pro-
teins (31) to crystallize the solubilized and isolated
surface protein on lipid vesicles. To this end we built a
multichamber dialysis apparatus which allows the exper-
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imenter to test various crystallization parameters simul-
taneously and to monitor the growth of vesicles and
reconstituted membranes during the experiment. Here
we report on the reconstitution of the surface protein of
C. acidovorans on DMPC vesicles and we describe the
remarkable shape-determining effects the surface pro-
tein exerts on the vesicles upon crystallization.

MATERIALS AND METHODS
Preparation of the surface protein

Comamonas acidovorans, formerly Pseudomonas acidovorans (32) was
obtained from the Deutsche Sammlung von Mikroorganismen (type
strain DSM 39, identical to ATCC 15668, Braunschweig, Germany).
The cells were grown aerobically in a complex medium as described
earlier (33). The surface protein was isolated from outer membranes,
using octyl polyoxyethylene (octyl-POE, BACHEM Heidelberg) for
extraction followed by gel filtration according to the procedure
described in detail by Engelhardt et al. (29). The preparation was
almost free of protein impurities but contained significant amounts of
lipopolysaccharides. The protein stock solution used for crystallization
purposes contained 3.6 mg/ml protein in 20 mM HEPES, pH 7.0 plus
2% octyl-POE and 0.02% NaN,.

The protein concentration was determined by the bicinchoninic acid
assay according to Smith et al, (34). The concentration of the
detergent was determined by depositing 10-p aliquots on hydrophobic
parafilm. The diameter of each droplet was measured by means of a
video camera system magnifying the sample ~ 15-fold. The diameter
increases approximately linearly with the octyl-POE concentration up
to the critical micelle concentration (CMC =0.25% in 20 mM HEPES,
pH 7.0). Above the CMC, the diameter is almost independent of the
detergent content. The lowest concentration detectable was <0.01%.
This method is essentially the same as suggested by Engel and
Hoenger (unpublished results).

Electron microscopy and image
processing

Purified outer membranes, protein preparations and reconstituted
crystals were examined in a Philips EM 420, CM 10 or CM 12 electron
microscopes using magnifications of nominally 35,000 and 39,000x.
The preparations were negatively stained with unbuffered uranyl
acetate (2%). Preparations embedded in aurothioglucose or in vitre-
ous ice were imaged at liquid N, temperature using a Gatan cryo-
holder (35). We used the method described by Jakubowski and Mende
(36) to produce ice films on bare copper grids which were stabilized by
lipid monolayers. The quality of crystalline arrays was assessed by
optical diffractometry, by computer-calculated power spectra of digi-
tized areas and/or by correlation averaging. Areas of 1,024 pixels
square were densitometered using an Eikonix 1412 camera (Eikonix
Corp., Bedford, Massachusetts) with a spot size of 15 wm, correspond-
ing to pixel sizes of 0.39 and 0.43 nm at the specimen level. The images
were processed by correlation averaging (37) using the image process-
ing system Semper 6.2 (Synoptics, Cambridge, UK) (38).

Crystallization conditions

Crystallization experiments were performed with dimyristoylphosphati-
dylcholine (DMPC) as the lipid throughout. 10 mg DMPC were
dissolved in chloroform and dried under an N, stream in a glass vessel

with a bottom area of ~ 5 cm’. The thin DMPC film was dissolved in 20
mM HEPES pH 7.0 containing 5% octyl-POE by gentle shaking for 20
h. The final lipid concentration of the stock solution was 10 mg/ml.
The lipid and protein solutions were combined such that the final
protein concentration was in the range of 0.1 to 2 mg/ml and the lipid
concentration was in the range of 0 to 2 mg/ml according to the
requirements of the experiment. The initial octyl-POE content was
adjusted to 0.5-2%. The dialysis buffer consisted of 20 mM HEPES,
pH 7.0 plus 0.02% NaN,. The dialysis experiments were usually
terminated after 48-72 h.

The multichamber dialysis apparatus

In the construction of the dialysis apparatus the following design
criteria were met: (@) several samples can be treated in a single
experiment simultaneously, (b) the temperature control can be ad-
justed and held constant over a wide range, (c) the control of the
dialysis rate can be adjusted, (d) the samples can be shaken gently and
automatically, (e) the change in turbidity of the samples can be
monitored during the experiment by means of light scattering, and (f)
relevant experimental data can be stored in a personal computer.

The core of the dialysis apparatus consists of two plates made of
stainless steel, 265 X 60 X 12 mm in size. The base plate (Figs. 1 and 2)
contains seven holes close to the longer side where the dialysis
chambers are inserted. The holes have openings towards the bottom of
the plate and towards its side such that the samples can be illuminated
from the side and the scattered light can be detected at an angle of 90°.
The width of the slit for the incident light has been calculated such that
the inner volume of the dialysis cell is completely illuminated and that
total reflection does not occur. The cylindrical quartz cuvettes have an
inner vol of 200 pl and possess dimensions which are close to the
optimum ratio between volume and surface area (radius 3 mm, height
7 mm). The dialysis chambers are inserted into the base plate, filled
with the solution containing the protein-detergent and lipid-detergent
mixed micelles, and covered with the dialysis membrane (diameter 8
mm, 10-15 kDa exclusion limit). Gasket rings are layered on top and
pressed onto the cuvettes by means of the top plate which is tightly
screwed on to the base plate (Figs. 1 and 2). The top plate contains
buffer chambers where the cuvettes are situated (volume of each
buffer chamber =250 wl). The dialysis buffer runs through these
chambers at a constant rate (=0.3 ml/min for each chamber in most
experiments). The buffer solution may be pumped through the
chambers by means of a peristaltic pump or, preferably, by simply
rinsing from a bottle installed ~50 cm above the level of the dialysis
apparatus. The flow rate was controlled by adjusting the diameter of
the tubes. Because the buffer flow is parallel, up to seven samples
and/or buffer systems can be tested in a single experiment. The buffer
solution is prewarmed in a water bath a few degrees above the
maximum temperature used in the dialysis experiment to prevent
degassing of the solution and the occurrence of air bubbles in the
buffer chambers. The buffer solution is adjusted to the desired
temperature during the passage through the top plate. The latter is
heated or cooled by means of Peltier elements which are mounted on
top, close to the ends of the plate (Fig. 1). Due to the tight contact
between the top and base plates, the samples are adjusted to the
desired temperature as well. The Peltier elements are individually
controlled such that either a homogeneous temperature is applied to
all chambers or that a temperature gradient is generated between the
elements in the range of 0 to > 50°C. Because the temperature is not
ideally constant over the whole plate due to some heat loss, the
effective temperature is measured in the vicinity of the dialysis
chambers by a thermocouple.

To monitor the growth of vesicles and/or lipid membranes in the
course of detergent removal, the cuvettes are illuminated by a UV light
source with an emission maximum at 355 nm (320-400 nm major
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FIGURE! Scheme of the multichamber dialysis apparatus, viewed from the side and front. Arrows indicate the movement of the strip connected

with the UV-detector element.

emission spectrum). The scattered light is detected at an angle of 90° at
the bottom of the dialysis chambers by means of a UV detector. The
signal is corrected for fluctuations of the light intensity by a reference
detector directly measuring the emitted light at the source (Fig. 1).
The detectors are moved from one chamber to the next by a motor
drive in a cyclic manner; motor stops are actuated by means of a light
barrier for 60 s (Fig. 1). The signals of the scattered light are stored in a
personal computer and displayed as curves such that the process of

vesicle formation and protein crystallization can be monitored online
for each chamber. The motor of the detector as well as the tempera-
ture of the Peltier elements are controlied by the computer. Thus,
time-dependent and parameter-dependent temperature programs can
be applied, e.g., an initial heating phase or a final cooling phase as well
as cyclic temperature shifts of one or both Peltier elements. To prevent
sedimentation of vesicles and to support gentle mixing of the samples
during the experiment, the plates are mounted on a frame with

FIGURE2 The multichamber dialysis apparatus. The base plate contains seven holes for the dialysis chambers, i.e., quartz cuvettes (position 4).
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semicardanic construction. The plates are moved around a horizontal
axis with a frequency of ~5-10 min~" and an angle of ~ *+60°.

RESULTS

Information from light scattering
curves

Light scattering curves were recorded to monitor the
formation of lipid vesicles and their interaction with the
solubilized bacterial surface protein. The dialysis exper-
iments show three characteristic phases according to the
scattering curves (Fig. 3). The initial phase is character-
ized by a rather slow increase of the relative scattering
intensity. The length of this “lag-phase” depends on the
initial concentration of the detergent, which was octyl-
POE in our experiments. It was usually not longer than
~10 h with octyl-POE concentrations in the range of
0.5-0.7%. The second phase shows a rapid change of the
scattering signal. It can be correlated with the formation
and growth of vesicles formed from mixed micelles in the
course of detergent removal. The signal may be approxi-
mated by Rayleigh scattering (valid for solid, homoge-
neous spheres) where the scattering intensity is critically
dependent on the particle size for a given wavelength \.
This holds true up to a diameter of =A/10 (39) which
corresponds to ~30—-40 nm. A characteristic for the
third phase is an almost constant signal, apparently
decreasing over two to five days (Fig. 3c). This slow
decrease is typical for particles of increasing size (diam-
eter > A) and is appropriately described by the theory of
Mie scattering (Fig. 3 a), especially if a heterogeneous
population of particles with a certain size distribution is
assumed rather than a constant vesicle diameter (40).
The light micrographs in Fig. 4 illustrate the size
distribution of the vesicles obtained in various experi-
ments. The largest vesicles were =20 pm in diameter.

FIGURE3 Light scattering curves showing the relative scattering
intensity as a function of the scattering parameter (a) and of the time
(b, ¢) in the case of dialysis experiments. (a) Theoretical scattering
curves calculated by means of the Mie scattering theory using a scheme
adapted from Foitzik and Hinzpeter (40). Curve A illustrates the
scattering signal obtained from spheres of a certain radius r and curve
B derives from a population of spheres with an average radius 7 and a
certain standard deviation (Gaussian distribution). Scattering parame-
ter = 2mr/A. (b) Empirical scattering curves obtained in a dialysis
experiment with DMPC at 37°C but with no protein present. The four
curves derive from identical samples illustrating the reproducibility of
the dialysis kinetics. (¢) Scattering curves of a dialysis experiment
performed at 30°C, with 1 mg/ml surface protein and DMPC concen-
trations (mg/ml) as follows; the initial octyl-POE concentration (%) is
given in brackets. (4) 0(0.5%), (B) 0.05 (0.52%), (C) 0.1 (0.55%), (D)
0.25 (0.63%), (E) 0.5 (0.75%), (F) 1.0 (1.0%), (G) 2.0 (1.5%). All the
samples contained residual lipid (lipopolysaccharides).

Control experiments using solubilized DMPC but
omitting the protein revealed the reproducible forma-
tion of vesicles. The relative scattering intensities were
clearly below those of samples containing vesicles cov-
ered with densely packed or crystalline protein (Fig. 3 b).
Obviously then, the scattering curves also provide infor-
mation on the reconstitution of the surface protein.
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FIGURE 4 Light microscopical images of vesicles obtained from dialysis experiments at various temperatures. (4) 27°C, (B) 31°C, (C) 35°C, (D)

40°C, protein concentration 1 mg/ml, DMPC 0.5 mg/ml.

Optimizing the reconstitution
conditions

The following parameters which were expected to have
an influence on the vesicle formation and crystallization
processes have been optimized: the lipid-to-protein
ratio, the initial octyl-POE concentration, and the tem-
perature. The lipid-to-protein ratio was varied between
0 and 5 (w/w), using a constant protein concentration of
1 mg/ml and a constant temperature of 30°C. The
(maximum) size of vesicles increased with the lipid
content from 0.3 pm in diameter (0.05 mg DMPC/ml) to
1 pm (0.1 mg DMPC/ml), 5 um (0.25 mg DMPC/ml)
and =20 pm (>0.5 mg DMPC/ml) as judged by light
and electron microscopy. The smaller vesicles turned
out to be almost completely covered with protein, either
densely packed but unordered or regularly arrayed,
whereas the larger vesicles frequently showed areas

apparently free of protein. All the samples contained
excess soluble protein not attached to the lipid vesicles.
The optimum lipid to protein ratio with respect to the
size of crystalline patches was 0.5 mg/ml DMPC to 1
mg/ml surface protein with an initial octyl-POE content
of 0.5 to 0.6%. The experiments described below were
performed under these conditions.

The temperature proved to be a very important
parameter for vesicle and crystal formation. The micro-
graphs in Fig. 4 illustrate the size distribution of vesicles
formed in a dialysis experiment at different tempera-
tures. An increase from 27 to 35°C resulted in a
continuous increase of the vesicle size, and a drastic
increase was observed between 35 and 40°C. The aver-
age diameters of the vesicles shown in Fig. 4 were
~0.5-0.8 pm (27°C), 1.1 pm (31°C), 1.6 pm (35°C), and
3-4.5 pm (40°C).
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Effects of the dialysis temperature

Crystallization of the C. acidovorans surface protein
occurred at temperatures between 9 and 45°C but with
significant differences in the size and quality of the
regular arrays and in the size and shape of the vesicles.
Reconstitution experiments below 30°C yielded neither
large vesicles, corroborating the observations docu-
mented in Fig. 4, nor large two-dimensional crystalline
arrays. The diameters of the vesicles were between
0.1-0.3 pm (9°C), 0.1-0.4 pm (17°C), and 0.2-0.6 pm
(28°C). The surface protein was clearly attached to the
spherical DMPC vesicles at 9°C but only a few small
regular arrays were observed. There was no significant
change around 23°C, i.e., the phase transition tempera-
ture of pure DMPC membrane systems. However a
drastic improvement of the two-dimensional crystalliza-
tion was observed between 30 and 40°C. Fig. 5 shows a
low magnification micrograph of a characteristic prepa-
ration of vesicles found in a dialysis experiment at 37°C.
Three classes of vesicle forms were found: (a) spherical
vesicles of various sizes, (b) cylindrical forms of variable
widths and lengths, and (c) vesicles with a spherical and

w‘

a cone-shaped portion. The spherical vesicles and the
spherical portions of cylindrical (Fig. 6) and cone-
shaped (Fig. 7) forms were almost completely covered
with the surface protein forming patches of two-
dimensional crystals but the protein only rarely formed
large regular arrays. The cylindrical and conelike por-
tions, however, were apparently completely crystalline
except for the pole caps. Fig. 6 shows a gallery of
characteristic cylindric forms. The cylinders were usually
0.7 to 3 pm in length and 0.3 to 0.8 um in width.
Sometimes extremely long cylinders were observed (5 to
10 wm or even longer). We found single cylinders
(Fig. 6 C) and forms which appear to originate from a
(formerly) spherical vesicle (Fig.6, 4 and B). The
finger-like variant in Fig. 6 A occurred rarely.

Three types of cone-shaped vesicles were observed:
acute-angled (45°), right-angled, and obtuse-angled
(135°) forms (Figs. 5 and 7) the frequency of occurrence
decreasing in this order. The cones, again, were less
frequent than cylindrical variants. These geometric forms
gave double-layered two-dimensional crystals as judged
from the existence of Moiré patterns and from (light

FIGURES Electron micrograph of vesicles obtained from a reconstitution experiment performed at 37°C. Concentration of surface protein = 1

mg/ml, of DMPC = 0.5 mg/ml.
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FIGURE6 Characteristic types of reconstituted vesicles with cylindrical shape (4) fingerlike vesicle, (B) vesicle with cylindrical portion. (C)
cylinder. The cylindrical forms are completely covered with the surface protein, showing two lattices originating from the upper and the lower side
of the flattened vesicles. The continuous layer of the surface protein is particularly well detectable at the edges of the vesicles where the outer line
represents the surface protein and the lighter, inner line the edge of the lipid vesicle.
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FIGURE 7 Characteristic types of reconstituted vesicles with conelike shape, here flattened cones which possess the characteristic angles of (4)
45°, (B) 90°, and (C) 135°. The conelike portions are completely covered with the crystalline surface protein, showing two lattices originating from
the upper and the lower side of the vesicle. Insets: power spectra from the cone-shaped regions in which the spectra of the two lattices are marked
by lines and boxes.
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optical) diffractograms (Fig. 7), whereas the spherical
vesicles also showed single-layered crystals. A closer
analysis of the cylinders and cones consistently revealed
the following characteristics. First, the diffractograms
indicate that there are two, and only two, lattices rotated
with respect to each other, originating from the upper
and the lower side of the (flattened) vesicles; second,
image analysis, using cross correlation techniques to find
the actual positions of the unit cells, revealed that the
(flat) lattices are homogeneous and do not contain
dislocations or disclinations (Fig. 8). Some lattice distor-
tions originating from flattening effects and deviations of
the correlation peaks from the positions of an ideal
lattice do exist of course, but discontinuities have not
been observed. Third, the upper and lower lattices are
also continuous and, thus, the two-dimensional crystals
are (partly) self contained. Fig. 8 shows that the orienta-
tions of the two lattices are apparently reflected at the
edges of the flattened cone. This property is expected
from continuous lattices (of any symmetry) which are

e
S

FIGURE 8 Unit cell positions of the two superimposed lattices (lower
*, upper O) of the flattened cone-shaped portion of the vesicle shown
in Fig. 7 A (rotated by 90° here). The image was Fourier-filtered such
that the two superimposed lattices were separated. The back-
transformed images now contained the lower and the upper lattices
isolated. Reference areas of four unit cells in size each were extracted
and cross-correlated with the original image. The positions of the unit
cells were determined in the two cross-correlation functions and
superimposed afterwards. The lines indicate the orientations of the
lower (----- ) and the upper (---) lattices and the angles (a, 8, v, 3)
illustrate that the orientations of the lattices are apparently reflected
at the vesicle borders.

folded over and is independent of the orientation of the
lattice with respect to the folding edges. We indeed
found arbitrary angles between the lattice and the edges
but consistently observed the reflection effect with all
the cylinders and cones analyzed.

The shape-determining effect of the two-dimensional
crystals requires that the surface protein interacts strongly
with the lipid membrane. This could be demonstrated by
means of vesicles which were embedded in vitreous ice
or in aurothioglucose and imaged by cryo-electron
microscopy. The vesicles are not ideally round in the
z-direction because of the limited thickness of the water
film (~0.4 pm), but there are no adsorption effects
because the water film was spanned over holes of the
grid and was not supported by, e.g., a carbon film. Fig. 9
clearly shows that the vesicles are flattened where the
protein crystals are attached, even if the crystals were
not self contained. The crystal of the surface protein is
obviously more rigid than the lipid vesicle which is
forced to change its shape.

Structure of the reconstituted surface
protein

The reconstituted crystals in most cases gave a higher
resolution in light-optical diffractograms and after corre-
lation averaging than the original regular arrays on the
bacterial outer membranes. Correlation averages of a
reconstituted crystal and a natural regular array are
displayed in Fig. 10. The average of the recrystallized
surface protein has, according to the radial correlation
function criterion (37), a resolution of ~1.3 nm which
corresponds to the practical limit of negative staining
(41). Using the same criterion a resolution of ~1.7 nm
was obtained with the native outer membrane which
usually shows smaller patches of two-dimensional crys-
tals and a somewhat obliterated structure in projection
due to the complex composition of the outer membrane.
The morphological complexes have the same architec-
ture in the native lattice and in reconstituted crystals and
the unit cell dimensions are identical (lattice constant
10.5 nm). The morphological complex is a dimer (29, 30)
characterized by two units of mass. As indicated in
Fig. 104 the major mass possesses a small side lobe
which is less clearly seen in Fig. 10 B. This mass presum-
ably represents the domain pointing towards the mem-
brane and mediating the tight contact as suggested from
a three-dimensional reconstruction of the surface pro-
tein (30). This illustrates the excellent preservation of
the structure of the surface protein attached to the
DMPC membrane.
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FIGUREY9 Frozen hydrated, unstained preparation of reconstituted vesicles imaged by means of cryo-electron microscopy. The vesicles are
deformed where the crystalline surface protein is attached, indicating a strong interaction between the surface protein and the lipid membrane.

DISCUSSION

Detergent removal by means of dialysis is the method of
choice for two-dimensional crystallization of solubilized
membrane proteins. Simple dialysis has been applied
successfully to a variety of proteins, e.g., the light-
harvesting a/b complex (42, 43) and the bacterial photo-
synthetic reaction center (44). In an experimental vari-
ant, lipid-detergent mixed micelles are added to support
the formation of membranes and/or vesicles containing
the regular protein arrays. The cytochrome reductase
was the first protein complex crystallized by this tech-
nique (10) and was followed by a number of other
membrane proteins (5). We have used this approach to
reconstitute the surface protein of the bacterium Coma-
monas acidovorans on DMPC vesicles. The protein is not
a typical intrinsic membrane protein but is tightly

associated with the outer membrane of the bacterial cell
and is probably anchored to it by a small hydrophobic
domain (29, 30). Therefore, the surface protein can be
treated like an intrinsic membrane protein in two-
dimensional crystallization experiments. The successful
crystallization indicates that other surface proteins may
also be reconstituted by controlled dialysis, e.g., the
M-proteins of Gram-positive bacteria (22), surface layer
proteins of archaebacteria, possessing membrane an-
chors (23), and molecules such as integrin (24) as well as
those proteins containing covalently bound (glyco)lipid
or fatty acid molecules (25-28). This technique is an
alternative which may be especially useful for proteins
which are not water soluble enough to be crystallized by
the lipid monolayer approach (45) or on mica (46).
Controlled (rapid) dialysis by means of a flow-through
dialysis system was first used for the production of lipid
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FIGURE 10 Correlation averages of negatively stained preparations of (4) a crystal reconstituted on a DMPC vesicle and (B) the native layer of
the surface protein of C. acidovorans. Lattice constants 10.5 nm, resolutions according to the radial correlation function criterion (4) 1.3 nm, (B)

1.7 nm.

vesicles (47) and was recently adapted for two-dimen-
sional crystallization purposes by Engel et al. (31). Our
experimental setup described here introduces new fea-
tures which are particularly valuable for optimizing the
crystallization conditions. First, up to seven samples can
be treated independently in a single experiment; this is
of advantage for testing various buffer systems, lipids,
concentrations, et cetera. A series of experiments would
otherwise be extremely time consuming. Second, the
application of temperature gradients allows one to run
experiments at different temperatures simultaneously.
The dialysis temperature indeed proved to be an impor-
tant parameter for two-dimensional crystallization. Third,
the scattering curves provide information on the growth
of vesicles and, thus, indirectly on the kinetics of
detergent removal, which is dependent on the initial
detergent concentration. The experiments can be termi-
nated when the dialysis appears to be complete. Finally,
the reconstitution of the surface protein amplifies the
scattering intensity two- to four-fold or even more
relative to the scattering power of DMPC vesicles free of
protein. This is presumably due to the formation of a
protein shell on the lipid vesicles changing the apparent
refractive index. (Analytical solutions of this complex
scattering problem were given by Aden and Kerker for a
special case, 48). This property provides a valuable tool
for judging the success of reconstitution experiments, Of

course, to determine if crystallization has occurred, the
samples must be examined in the electron microscope.

The vesicles, pure DMPC vesicles as well as those
carrying regular arrays of the surface protein, apparently
increase in size during the entire dialysis experiment,
according to the scattering curves which show the
characteristic decline of Mie scattering with particles of
nonhomogeneous diameter (40). We assume that fusion
of spherical vesicles and those possessing a spherical
portion is involved in formation of large vesicles, espe-
cially at higher temperatures. This could explain the
occurrence of peculiar vesicle forms. However, the
details of vesicle development and the dialysis kinetics
remain to be investigated; it is a drawback of our dialysis
apparatus that samples cannot be taken during the
experiment without interrupting it.

For electron crystallography and electron diffraction
in particular large and well ordered two-dimensional
crystals are required. Important parameters for obtain-
ing large lipid vesicles are (a) the dialysis rate, (b) the
lipid-to-detergent ratio (49), (¢) the total lipid content,
and (d) the pH-value (49). To our knowledge there is
little information on the effect of temperature on the
size of liposomes obtained in dialysis systems. It is,
however, apparent that the critical temperature of phase
separation is important for the clustering of micelles
(50). The three-component system lipid-detergent-
protein, containing mixed lipid-detergent and protein-
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detergent micelles or complexes, respectively, is much
more complex with respect to the parameters mentioned
above. In trying to obtain suitable crystals for electron
microscopy we found that the initial molar lipid-to-
detergent ratio of 1:20 is in the optimal range with 0.5
mg/m! DMPC and 1 mg/ml surface protein at pH 7.0
and 30-40°C. Neither the ionic milieu nor the pH-value
have been optimized experimentally, yet we observed
significant effects due to the changes of the dialysis
temperature. With increasing temperatures the size of
the vesicles as well as the size of the two-dimensional
crystals increased. There was no obvious change near
the phase-transition temperature of 23°C for DMPC,
but we obtained a drastic change of the crystallization
behaviour >30°C. It is difficult to correlate this particu-
lar temperature with known properties of the lipid
because the buffer components, the detergent, residual
lipopolysaccharide and the protein do exert an influence
on the phase behavior of the vesicles which remains to
be investigated in detail. Another possibility is to relate
the temperature effects to an activation energy which is
necessary to form nucleation sites of sufficient size for
crystallization. Suitable temperatures for two-dimen-
sional crystallization appear to be >20°C for many
proteins and surfactants without additional lipid present
(42-44) and 25-37°C for protein-lipid systems like the
bacterial porins (31, 51), the cytochrome reductase (52),

A

= A

angle of flattened cone: 45°

B

and the surface protein investigated here. It is obvious
that the type of detergent and, in particular, the length
of its hydrophobic tail is an important parameter (50).

The occurrence of the peculiar vesicle forms, cylin-
ders and the various cones, might be due to the following
properties of the DMPC-surface protein system: (@) the
capability of the DMPC vesicles to assume various forms
other than spherical, a property which is temperature
dependent (53) and might contribute to the temperature
effect observed, (b) the strong interaction of the surface
protein with the lipid membrane which is probably
mediated by a membrane anchor (29, 30), (c) the rela-
tive rigidity of the protein crystal which has been
demonstrated with frozen specimens showing that the
vesicles are flattened where the two-dimensional crystals
are attached, and (d) the formation of partially self
contained regular arrays which give rise to and stabilize
the particular forms observed.

The fact that the two-dimensional crystals are capable
of forming (partly) self contained and continuous enve-
lopes provides the key for understanding the architec-
ture of the vesicle forms. The model in Fig. 114
illustrates how a cylinder and cones can be obtained
from a tetragonal lattice. The mechanism may be de-
scribed in terms of disclinations where a certain piece of
the two-dimensional crystal is removed and the free
crystal edges are related by rotation such that new bonds

i

%

e ¢ =

FIGURE 11

(A ) Scheme of the construction of a cylinder and cones by a tetragonal lattice. (B) Model for the development of a cylinder and cones

on a spherical vesicle. Bold lines indicate the shape and equator of the sphere, whereas the normal lines outline the cylinder and cones and the

contact zones on the sphere on a parallel to the vesicle equator.
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among the aligned unit cells can be formed. This method
corresponds to the Volterra process describing the
construction of dislocations and disclinations (54).
Apparent 360° “disclinations” as well as 270°, 180° and
even 90° disclinations are impossible or at least highly
unstable in the plane of a two-dimensional crystal. The
stress energy forces the crystal to assume a shape
resulting in a relative minimum deformation of each
bonding. If the two-dimensional crystal is flexible and
not attached to a rigid support, it is bent out of plane.
Cylinders and cones are geometric forms characterized
by a minimum (ideally no) deformation of the two-
dimensional crystal within the curved surface (Fig. 11 4).
The cones expected for a lattice of p4-symmetry possess
(undistorted) solid angles of 28.96°, 60°, and 97.18°
corresponding to the angles of the flattened cones of
45°, 90°, and 135° which were indeed observed. This
principle also applies for crystals with other symmetry
properties; the geometric forms possible for the 17 plane
groups of two-dimensional crystals are listed in the
Appendix.

The model introducing disclinations does explain the
existence of the particular forms observed but not why
the crystals create a cylinder from one vesicle and a cone
from another. The scheme shown in Fig. 11 B illustrates
(ignoring the flattening effect of attached crystals) that
cylinders may be formed if the crystals grow approxi-
mately around the equator of the vesicle while cones
arise if the crystals grow subequatorial on a parallel of
latitude. Acute-angled cones occur if the growing zone is

on a parallel close to the equator whereas obtuse-angled
cones appear on parallels closer to the vesicle poles.
Whether a single crystal grows around a vesicle or, more
likely, the large crystal is a fusion product of smaller
patches remains to be established. Although the crystal-
lization kinetics have not been investigated in detail here
one can conclude from the diameters of the cylinders
(0.3-0.8 pm) that the formation of self-contained crys-
tals must occur at a later state of vesicle development.
To obtain two-dimensional crystals as large as possible
the formation of self-contained crystals should not
happen to early with respect to the growth of the lipid
vesicles. We can conclude from our experiments that the
optimization of the lipid-to-protein ratio and of the
temperature are necessary to adjust the kinetics of
vesicle development and crystal growth such that an
optimum coverage of the lipid with protein and a
maximum size of the vesicles are obtained. Further
parameters, e.g., the ionic milieu and the pH value, may
also be of importance of course.

The quality of the (self contained) lattices is appar-
ently good as judged from correlation averages. The
resolution achieved (1.3-1.5 nm) is close to the limit of
negatively stained preparations (41) and promises to be
substantially better with crystals embedded in (aurothio)-
glucose and imaged by cryo-electron microscopy. These
experiments are in progress. Moreover, the reconsti-
tuted crystals can now be used to investigate the surface
protein-lipid association and its consequences for the
phase behavior of the membrane in more detail.

TABLE A1 Naturally occurring partially self-contained two-dimensional crystals (cylinders) of biological macromolecules

Type of Diameter
Species macromolecule of cylinder Symmetry Lattice spacing Reference
(nm)
Archaebacteria
Thermoproteus tenax* Surface layer 0.4 pm pé 32.8* AlS
T. neutrophilus Surface layer 0.35 pm pé 30.6 Al4
Pyrobaculum islandicum Surface layer 0.43 pm pé 29.9 Alé6
P. organotrophum Surface layer I 0.4 pm p6 279 Al17
Surface layer 11 pé 20.6
Methanospirillum hungatei Sheath 0.5 pm p2! a=56,b=28 Al8
v = 86°
Methanothrix conciliit Sheath 0.8 pm p2 a=56b=28 A19
vy = 86°
Eubacteria
Caulobacter crescentus Surface layer 0.1 pm pé 235 A20
Thermophile species (stalk) Porin 0.07 pm p3 9.2 A4
Halophile species (stalk) Porin 0.12 um p3 9.0 AS
Thiocapsa pfennigii Photosynthetic unit 0.036 pm p6 12.6 A7
Escherichia coli (HB101) Fumarate reductase 0.027 pm hexagonal 6.6 A21
Gram-negative bacterium Spinae 0.06 pm (p1?) (@a=11,b=15.7) A22
Anabaena flos-aquae! Gas vesicle 0.085 pm (p1?) (a = 4.57,b =1.15) A23

*Presumably also valid for T. uzoniensis (A24); *31.4 nm according to (A14); *pl symmetry according to (A25),a = 12 nm, b = 2.9 nm, y = 93.7%
# synonymus with M. soehngenii (A26); 'various diameters with other species (A27), lattice spacings mean orthogonal distances.
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APPENDIX

Geometric forms of partially
self-contained two-dimensional
crystals of biological
macromolecules

by Harald Engelhardt

Two-dimensional crystals of biological macromolecules are not ideally
plane in natural systems but curved. They usually appear attached on
the cell envelope, e.g., surface layers of many eubacterial and archae-
bacterial species (A1-A3), or they represent integral membrane
proteins, e.g., regularly arrayed porins (A4-A6) and crystalline photo-
synthetic membranes (A7). The capacity to create curved surfaces may
be an inherent property of the molecules (A8, A9).

A special case of naturally occurring two-dimensional crystals are
those forming a (partially) continuous lattice around the cell or a
subcellular structure, i.e., partially self-contained crystals. They pos-
sess a strong shape-determining effect like the regularly arrayed porins
of the bacterial stalks (A4, AS5), and they may even conserve a
particular diameter of bacterial cells from one generation to the next.
Remarkable examples are the surface layers of some archaebacteria
(Table A1). Further cylindrical structures formed by proteins are the
gas vesicles and the spinae of bacteria (Table Al). It is, thus, of interest
to evaluate the potential of two-dimensional crystals to form self-
contained lattices and to investigate the properties of the building
blocks, i.e., the macromolecular complexes, which create the regular
arrays.

The crystallization studies performed with the tetragonal surface
protein of Comamonas acidovorans revealed that cylindrical and
cone-shaped self-contained crystals may occur (A10). The cylinders as
well as the cones may theoretically be constructed by the Volterra
process (A1l) introducing disclinations. This process is followed by
another step where the stress energy in plane is transformed resulting
in deformation of the whole lattice such that the crystal bondings and
the unit cells are only bent out of plane (see Paul et al. (A10) for a
schematic outline of the procedure). Table A2 summarizes the
geometric forms which are possible for the 17 plane groups of
two-dimensional crystals. The following conclusions can be drawn.

First, the number of the principle symmetry coincides with the
number of different forms that can be obtained (for simple mathemat-
ical reasons). Second, the geometric forms are cylinders and cones (of
different angles); cylinders can be formed in each plane group. Third,
two types of cylinders are to be distinguished with pl and p2
symmetries (and two types of 60° cones with the p2 symmetries) due to
the fact that the lattice vectors a and b are of different lengths. (There
are even more possibilities to form cylinders and equivalent cones with
the other symmetry groups but because b = a here they are indistin-
guishable.) Fourth, the forms which can be obtained for a certain
plane group in practice depend on the particular configuration of the
building block. All the forms can be obtained in any case if the
monomer (the asymmetric unit) or the crystallographic unit cell
represent the crystallization complex. The latter is, however, impossi-
ble in practice with plane groups where the borders of the unit cells
cross the molecules (e.g., plane group p22,2, illustrated in Fig. Al)—
for a compilation of the various unit cells see, e.g., (A12, A13). The
evaluation of all the building blocks possible (not larger than of unit
cell size) for each plane group reveals that the forms listed in Table A2
may also be obtained from crystallization complexes which are smaller
than of unit cell size, e.g., 1 for p2-related symmetries, !4 for p3, 4 or
Vi for p4, and ', 14, or Y% for p6 symmetries, respectively. Appropriate
building blocks for a p22,2, unit cell are displayed in Fig. A1 D and E.

TABLE A2 Geometric forms of partially self-contained two-
dimensional crystals of biological macromolecules

Cone angles
Number
Plane of forms
group Symmetry Cylinder undistorted flattened possible
pl pl ++* — 1
pl12 pm ++ — 1
p12, pg ++ — 1
cl12 cm ++ — 1
p21 p2 ++ 60°* 90° 2
p222 pmm ++ 60° 90° 2
p21.2 pmg ++ 60°** 90° 2
p22.2, peg ++ 60°** 90° 2
222 cmm ++ 60° 90° 2
p3 p3 +* 38.94° 60° 3
83.62° 120° —
p312 p3ml + same as p3 3
p321 p31m + same as p3 3
p4 p4 + 28.96% 45° 4
60° 90° —
97.181 135° —
pa22 p4m + 28.96% 45° 4
60% 90° —
97.18% 135° —
pa2.2 pag + same as p422 4
pé p6 + 19.19% 30° 6
38.94° 60° —
60° 90° —
83.627 120° —
112.89° 150° —
p622 pém + same as p6

*With plane groups p1 to ¢222, two different lattice dimensions a and b
exist such that two nonequivalent types of cylinders (and cones) can be
constructed (indicated by **). With plane groups p3 to p622 b = a and
all cylinders possible and cones possessing identical angles are of the
same type (indicated by *). *Only possible if the building block is a
dimer or a monomer (see Fig. Al). Using the (presumably unlikely)
unit shown in Fig. Al B only one type of cone can be formed.
*Impossible if a building block equivalent to that shown in Fig. Al C is
used. 'Impossible if a building block of unit cell size and possessing a
local two-fold symmetry axis (equivalent to that shown in Fig. Al F) is
used.

There may, however, be restrictions if the building blocks are of unit
cell size (e.g., Fig. A1 B) and, particularly, if they possess a local
two-fold symmetry axis like those shown in Fig. Al C and F. Now, only
some or even none of the cones can be formed (Table A2). In any case,
however, the construction of cylinders is feasible.

Interestly, cones like those observed with the reconstituted surface
protein of C. acidovorans (A10) have not been found in natural systems
as yet. A possibility one could think of is the formation of cone-shaped
poles of rodlike cells. But there is a significant drawback of putting
cylinders and cones together, i.e., the crystal boundaries do not fit and
create a ringlike zone of lattice discontinuity. But disclinations,
indeed, play a role in forming the pole caps of rodlike cell envelopes as
revealed by the analysis of the surface layer from Thermoproteus tenax
(A14, A15). Disclinations, i.e., predominantly 60° disclinations with
the p6 lattice, are introduced at the ends of the cylindrical envelope,
reducing its diameter and forming apparently completely protein-
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FIGURE A1 Building blocks of unit cell size or smaller of the two-

sided plane group p22,2, (A-E). The symbol B represents a chiral
(biological) molecule (or asymmetric unit). & denotes the upside
down orientation of B with respect to the x,y-plane, unit cell symbols
adapted from Hovméller (A12). Equivalent building blocks may be
obtained by rotation around the z-axis (normal to the plane) or around
one of the axes (x or y) lying within the plane; these units are not
displayed. (4 ) Crystallographic unit cell, (B) building block of unit cell
dimensions (presumably unlikely because of nonequivalent dimeric
forms occuring in one complex), (C) building block of unit cell size,
(D) different types of (dimeric) building blocks with half of the unit
cell size, (E') monomeric building block, i.e., the smallest possible, (F)
building block of unit cell size with a local axis of two-fold symmetry
(here plane group p4 with unit cell dimensions b = a).

covered pole caps. This principle might also apply for the surface
layers of the related species listed in Table Al. The formation of
tapering ends found with, e.g., the gas vesicles, might however, be an
effect of dislocations rather than of disclinations.
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