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Abstract

Two-dimensional crystallization on lipid monolayers is a versatile tool to obtain structural
information of proteins by electron microscopy. An inherent problem with this approach is to prepare
samples in a way that preserves the crystalline order of the protein array and produces specimens
that are sufficiently flat for high-resolution data collection at high tilt angles. As a test specimen to
optimize the preparation of lipid monolayer crystals for electron microscopy imaging, we used the
S-layer protein sbpA, a protein with potential for designing arrays of both biological and inorganic
materials with engineered properties for a variety of nanotechnology applications. Sugar embedding
is currently considered the best method to prepare two-dimensional crystals of membrane proteins
reconstituted into lipid bilayers. We found that using a loop to transfer lipid monolayer crystals to
an electron microscopy grid followed by embedding in trehalose and quick-freezing in liquid ethane
also yielded the highest resolution images for sbpA lipid monolayer crystals. Using images of
specimens prepared in this way we could calculate a projection map of sbpA at 7 A resolution, one
of the highest resolution projection structures obtained with lipid monolayer crystals to date.
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1. Introduction

Fromherz was the first to demonstrate that soluble proteins can form ordered arrays on the
surface of a lipid monolayer at the air/water interface and that these arrays can be imaged by
electron microscopy (EM) (Fromherz, 1971). Subsequently, the lipid monolayer crystallization
method was used to make soluble proteins amenable to structural studies by electron
crystallography (Uzgiris and Kornberg, 1983). The underlying principle of array formation is
that association of a target protein with the lipid monolayer leads to concentration and partial
alignment of the protein. Since the lipid monolayer is in its fluid phase, the lipids, and hence
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the associated proteins, can diffuse in the plane of the monolayer, allowing the proteins to
interact with each other and under favorable conditions to form regular arrays. The lipid
monolayer is usually formed with neutral lipids spiked either with charged lipids to induce
association of proteins by electrostatic interactions (Darst et al., 1988; Mosser et al., 1991,
Taylor and Taylor, 1993; Taylor and Taylor, 1999) or with functionalized lipids, such as lipids
containing Ni-NTA headgroups that specifically recruit His-tagged proteins to the monolayer
(Kubalek et al., 1994). Once introduced, the method was subsequently adapted for use with
membrane proteins (Lévy et al., 1999; Lebeau et al., 2001) and for the assembly of protein
complexes (Celia et al., 1999; Kelly and Taylor, 2005; Kelly et al., 2006).

Although it was possible to record high-resolution (~3 A) EM data of streptavidin crystals on
a lipid monolayer (Kubalek et al., 1991; Avila-Sakar and Chiu, 1996), a persistent problem in
the use of this technique lies in the transfer of lipid monolayer crystals to an EM grid without
deteriorating the order of the protein arrays. In addition, lipid monolayer samples are often not
flat, and to date no high-resolution images have been reported for tilted lipid monolayer
crystals. A reliable protocol to reproducibly prepare specimens for high-resolution EM data
collection would thus have the potential to boost interest in lipid monolayer crystallization for
structural studies of soluble proteins.

Once crystals have formed on the lipid monolayer, often using a Teflon crystallization block
(Fig. 1A), they can be transferred to an EM grid using the direct transfer method (Fig. 1B, C),
historically referred to as the Langmuir-Schaefer transfer method (Langmuir and Schaefer,
1938). For this technique, a hydrophaobic carbon film mounted on an EM grid is brought into
direct contact with the hydrophobic tails of the lipids in the monolayer (Fig. 1B). When the
grid is lifted off, the monolayer and hence the associated crystals adhere to the carbon film and
are thus transferred to the grid (Fig. 1C). The crystals on the grid can then be blotted and either
negatively stained or vitrified for subsequent observation in the electron microscope. However,
touching a lipid monolayer with a carbon film imparts mechanical force that tends to distort
the attached crystals (Brisson et al., 1999). Thus, a holey grid is often used in conjunction with
direct transfer and specimen vitrification. Images are then taken in regions without carbon film,
where the crystals should be least affected. Although variations of this technique have yielded
both the highest resolution lipid monolayer crystals to date (Kubalek et al., 1991;Avila-Sakar
and Chiu, 1996) as well as three-dimensional (3D) reconstructions at lower resolutions (Tang
etal., 2001;Wendt et al., 2001;Liu et al., 2003;L.iu et al., 2004;Kelly et al., 2006;L.iu et al.,
2006), high-resolution 3D structures have proved difficult to obtain in this manner. An
alternative approach to the direct transfer method is the loop transfer technique, in which a
wire loop is used to lift off the lipid monolayer and to deposit it on an EM grid (Fig. 1D, E).
This method was initially developed with holey carbon grids (Asturias and Kornberg, 1995),
but a continuous carbon support film can also be used. In contrast to the direct method, when
loop transfer is used, the protein array rather than the lipid monolayer makes contact with the
carbon film (Fig. 1E), leading to a more robust interaction between the protein crystal and the
carbon support film.

In arelated field, electron crystallography of conventional two-dimensional (2D) crystals, i.e.,
membrane proteins reconstituted into lipid bilayers, a number of high-resolution structures
have now been determined (Henderson et al., 1990; Kihlbrandt et al., 1994; Kimura et al.,
1997; Murataet al., 2000; Gonen et al., 2005; Hiroaki et al., 2006; Holm et al., 2006). Advances
in specimen preparation, in particular the embedding of the specimen in sugar solutions (Unwin
and Henderson, 1975; Jap et al., 1990; Wang and Kuhlbrandt, 1991; Hirai et al., 1999; Gyobu
et al., 2004), have played a crucial role in the success of this method. It was thus of interest to
us, whether sugar embedding could be adapted to the preparation of lipid monolayer crystals
and how it would compare to the conventional preparation methods currently used for lipid
monolayer crystals. As a test specimen to study specimen preparation methods, we selected
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the S-layer protein sbpA. S-layer proteins have been historically used for electron
crystallographic studies due to their inherent propensity to self-assemble into ordered arrays
(for a review, see Baumeister et al., 1988). In particular, we chose the protein sbpA from
Bacillus sphaericus, because it is easy to purify from the cell wall of native bacteria (Schuster
et al., 2005) and it has been shown to form 2D crystals (Pum and Sleytr, 1994) in a calcium-
dependent manner (Pum and Sleytr, 1995). Native and recombinant S-layer proteins have also
recently been used as building blocks to design two-dimensional scaffolds with engineered
properties for various nanotechnology applications (Sleytr et al., 2003), raising interest in
determining their structure. However, structural studies of sbpA crystals have so far not
exceeded a resolution of about 20 A (Lepault and Pitt, 1984; Lepault et al., 1986). By
systematically testing various specimen preparation protocols, we found that we could produce
the best specimens by transferring the lipid monolayer crystals to a continuous carbon film
using loop transfer followed by embedding the sample in trehalose and quick-freezing in liquid
ethane. With images of specimens prepared in this way, we could calculate a projection map
of sbpA at a resolution of 7 A. This is one of the highest resolution maps obtained with 2D
crystals grown on lipid monolayers to date. At this point the resolution may no longer be limited
by the specimen preparation technique but by the size and order of the sbpA arrays themselves.

2. Materials and Methods
2.1. Purification of sbpA

sbpA was purified as described (Schuster et al., 2005) with minor modifications. Briefly,
Bacillus sphaericus (ATCC number 4525) was grown at 32°C in SVI11 medium (50 mM Hepes,
pH 7.2, 7 mM K,HPOy, 10 g/l peptone, 5 g/l yeast extract, 5 g/l meat extract, 0.2 mM
MgSQy, 1.8 mM sucrose, 17 mM glucose). The cells were lysed by sonication in 50 mM Tris,
pH 7.2, and the cell walls were isolated by centrifugation at 16,0009 for 15 minutes. The pellet
was resuspended in Buffer A (0.75% Triton X-100 in 50 mM Tris, pH 7.2) with a Tissue Tearor
(BioSpec Products, Bartlesville, OK) and centrifuged at 28,000g for 10 minutes. The cell walls
were washed three more times in Buffer A. sbpA (1.5 to 2.0 mg/ml) was released from the cell
walls by unfolding the protein in Buffer B (50 mM Tris, pH 7.2, 5 M guanidine HCI) for 30
minutes at room temperature with stirring. The cell walls were removed by centrifugation at
100,000g for 45 minutes. shpA in the supernatant was refolded by dialysis against distilled
water and aggregates were removed by centrifugation at 100,000g for 30 minutes.

2.2. Lipid monolayer crystallization of sbpA

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was purchased from Avanti Polar
lipids (Alabaster, AL) and didodecyldimethylammonium bromide (DDMA) was purchased
from Acros Organics (Geel, Belgium). To set up monolayer crystallization trials Teflon blocks
with 10 — 18 wells were used, each well being 5 mm in diameter and ~1 mm in depth. The
total volume of sample placed into each well was ~25 pl. (Fig. 1A). For crystallization, 23.1
ul of crystallization buffer containing 20 mM Tris, pH 8, 100 mM NaCl and 50 mM CacCl,
was added to the wells. Lipid solution was prepared by mixing 20% DDMA (1 mg/ml) in
chloroform with 55% DMPC (1 mg/ml) in chloroform with 25% chloroform. 1 pl of this lipid
mixture was added on top of the protein solution in each well. After approximately 15 minutes
of incubation at room temperature, a Hamilton syringe was used to inject 1.9 pl of sbpA protein
in deionized water (1 mg/ml) into the aqueous sub-phase to initiate crystallization. The
crystallization blocks were incubated in a sealed humid environment at room temperature.
While crystals formed within two hours of incubation and were stable for at least two months,
samples for cryo-EM experiments were incubated for one week before specimens were
prepared.
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2.3. Lipid monolayer transfer techniques

Lipid monolayer crystals were transferred to continuous carbon film mounted on copper EM
grids (400 mesh, Ted Pella, Redding, CA) or to holey carbon grids (400 mesh, 2/4 Quantifoil
Micro Tools GmbH, Germany) using both the direct transfer (Uzgiris and Kornberg, 1983)
and loop transfer (Asturias and Kornberg, 1995) methods. For direct transfer, an EM grid
(without prior glow discharging) was carefully placed on top of the lipid monolayer sample in
the crystallization block and gently picked up again with a pair of forceps. The grid was blotted
with Whatman #1 filter paper (Whatman International Ltd, Middlesex, England) and either
negatively stained with 1% uranyl acetate or plunge-frozen in either liquid nitrogen or liquid
ethane. For the loop transfer, a thin platinum loop with a diameter of 3.5 mm (Ernest F. Fullam,
Inc., Latham, NYY) was brought gently into contact with the lipid monolayer sample in the
crystallization block. The loop was then lifted up and the sample applied to a glow-discharged
carbon film mounted on an EM grid. The grid was blotted and negatively stained or plunge-
frozen as described above.

2.4. Sample preparation

We used six methods to prepare frozen-hydrated specimens of lipid monolayer sbpA 2D
crystals. Direct transfer of 2D crystals to (1) holey and (2) continuous carbon grids, followed
by blotting for 10 seconds and plunge-freezing into liquid ethane; loop transfer to (3) holey
and (4) continuous carbon grids, followed by blotting for 10 seconds and plunge-freezing into
liquid ethane; loop transfer to continuous carbon grids, followed by embedding with 5%
trehalose solution and plunge-freezing either into (5) liquid nitrogen or (6) liquid ethane.

2.5. Data collection

Negatively stained specimens were imaged in a T12 electron microscope (FEI, Hillsboro, OR)
equipped with a LaBg filament and operated at an acceleration voltage of 120 kV. Images were
taken on a Gatan Ultrascan 894 2Kx2K CCD camera. Grids of frozen-hydrated sbpA crystals
were transferred into a F20 electron microscope (FEI, Hillsboro, OR) equipped with a field
emission gun using an Oxford cryo-specimen holder, maintaining a temperature of —180°C.
Samples were examined at an acceleration voltage of 200 kV and images of crystals were
recorded at a magnification of 50,000x using low-dose procedures. Images were recorded
either with a Gatan MegaScan 794 2Kx2K CCD camera (for general characterization of the
samples) or on Kodak SO-163 film (for quantitative analyses). Films were developed for 12
minutes with full-strength Kodak D-19 developer at 20°C.

2.6. Image processing

An optical diffractometer was used to select for drift-free images and to identify the best
diffracting regions of the imaged sbpA 2D crystals. Micrograph areas (5000 x 5000 pixels) of
sbpA 2D crystals were digitized with a Zeiss SCAI scanner (Carl Zeiss Inc., Oberkochen,
Germany) using a step size of 7 um and processed with the 2dx software package (Gipson et
al., 2007), which included lattice unbending and correction for the contrast transfer function
(CTF). The 5 best images, ranging in defocus from —0.8 to —2 um, were merged and used to
calculate a projection map with imposed p4 symmetry using the MRC (Crowther et al.,
1996) and CCP4 (Collaborative Computational Project, Number 4, 1994) software packages.
A negative temperature factor of —200 was applied to the projection map to enhance the high-
resolution Fourier terms.
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3. Results

3.1. 2D crystallization of sbpA

Ca?* has been shown to induce sbpA to form regular arrays (Pum and Sleytr, 1995). We could
reproduce this array formation with sbpA purified from the cell wall of Bacillus sphaericus
(Fig. 2A). When protein was added to Ca2*-free crystallization buffer, no sbpA arrays formed
in the sample (data not shown), but when protein was added to Ca2*-containing crystallization
buffer small sbpA arrays appeared within two hours (Fig. 2B). While these arrays grew in size
over time (Fig. 2C), the crystal order did not improve with time (compare Fourier transforms
shown as insets in Figs. 2B and C). Since sbpA has been shown to form regular arrays on
positively charged lipid monolayers (Pum and Sleytr, 1994), we investigated whether the
presence of a monolayer would induce the formation of better ordered 2D crystals. As before,
initial sbpA arrays formed on lipid monolayers within two hours of Ca2* addition (Fig. 2D).
However, in contrast to sbpA arrays formed in solution, the 2D crystals formed on the lipid
monolayer not only grew in size over time (Fig. 2E) but also showed a marked improvement
in crystal order (compare Fourier transforms shown as insets in Figs. 2D and E). These results
showed that 2D crystals formed on monolayers are of better quality and thus better suited for
structural studies of sbpA than 2D crystals grown in solution.

3.2. Direct and loop transfer of sbpA crystals onto EM grids

We used negative staining to assess specimens prepared by the direct and loop transfer methods.
For these experiments grids covered with a continuous carbon film were used. Representative
images of crystals prepared with 1% uranyl acetate recorded at low magnification (8,700%)
show that large crystalline arrays of sbpA were present on the grid after direct transfer (Fig.
3A) as well as after loop transfer (Fig. 3B). Upon examining several grids prepared by the two
transfer methods, we found that independent of the transfer method typically ~80% of the grid
squares contained crystals. Grids prepared using the direct transfer method had, however, a
greater number of smaller, broken crystals. A typical grid square contained between 5to 8
crystals, which varied in size from 0.5 to 2 um. This transfer method also tended to produce
specimens, in which crystals were stacked on top of each other, resulting in several overlaid
diffraction patterns in Fourier transforms of the images (data not shown). Grids prepared using
the loop transfer showed about the same level of crystal coverage, but the crystals were in
general less broken, as expected with this more gentle transfer technique. We typically found
2 to 4 crystals per grid square, which ranged in size from 3 to 5 um. At higher magnification
(52,000x%) the square lattice formed by sbpA is clearly seen in negatively stained samples
prepared by either method (Figs. 3C and D), and Fourier transforms (insets in Figs. 3C and D)
showed no difference in crystal order (number of diffraction orders in Fourier transforms) to
the resolution limit introduced by the stain (~20 A). Our results thus suggest that the direct and
loop transfer methods are equally efficient in adsorbing sbpA 2D crystals to continuous carbon
grids, without loss of crystal order to a resolution of at least 20 A. The loop method appears,
however, to induce less mechanical stress on the crystals during the transfer as indicated by
the larger size of the observed crystals.

3.3. Frozen-hydrated sbpA crystals on holey carbon film

In an attempt to obtain higher resolution information, we prepared frozen-hydrated specimens
of the sbpA crystals using holey carbon film according to the protocol introduced by Kubalek
et al. (1991). We used the direct (Fig. 4A) and the loop transfer method (Fig. 4B) (3 grids per
method) to screen for lipid monolayer crystals of sbpA vitrified on holey carbon films. For
each grid, ~50 crystals were imaged on CCD camera, none of which diffracted beyond a
resolution of 25 A (Fig. 4, insets).
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3.4. Frozen-hydrated sbpA crystals on continuous carbon film

We next tested whether continuous carbon film would be a better option for vitrifying sbpA
crystals formed on lipid monolayers. Images taken from crystals transferred to the EM grid
using the direct method also showed diffraction spots to about 25 A, similar to images taken
from crystals on holey carbon film. Using the loop rather than the direct method to transfer
crystals to continuous carbon grids was an improvement as some images showed diffraction
spots close to 15 A resolution. To quantify this improvement, we prepared three grids of
vitrified sbpA crystals on continuous carbon film either by direct or loop transfer. We collected
18 images from each of the six grids on film and inspected their diffraction patterns on an
optical laser bench. Overall, 69% of the images taken from crystals prepared with the direct
transfer did not diffract, and only 7% of the images showed diffraction spots in the resolution
range from 30 to 26 A (Fig. 5A). In the case of images taken from crystals prepared using the
loop transfer, 39% of the images still did not show any diffraction, but 33% of the images
showed diffraction spots in the resolution range from 30 to 16 A and 7% of the images showed
diffraction in the resolution range from 20 to 16 A (Fig. 5B). Using loop transfer in combination
with continuous carbon film thus resulted in a modest improvement in the preservation of the
shpA crystals.

3.5. Trehalose-embedded sbpA crystals

Sugar-embedding, especially in trehalose (Jap et al., 1990; Hirai et al., 1999; Gyobu et al.,
2004), is currently considered the best preparation method for 2D crystals formed by
reconstitution of membrane proteins into lipid bilayers. We therefore wanted to test whether
sugar embedding could be adapted for the use with sbpA 2D crystals formed on lipid
monolayers. To embed sbpA crystals in sugar we transferred the crystals to grids covered with
a continuous carbon support film and allowed them to adsorb for 2 minutes. We then added 2
ul of 5% trehalose solution either to the front side of the grid (carbon-coated side), to which
the crystals were adsorbed, or to the back side of the grid (grid-bar side). The grids were blotted
and frozen in liquid nitrogen or in liquid ethane. All attempts to produce trehalose-embedded
specimens using the direct transfer method failed. This is most likely due to the fact that crystals
directly transferred to a grid interact with the carbon film through the hydrophobic tails of the
lipid monolayer (Fig. 1C). This interaction appears to be too weak to withstand the additional
treatment of the grid with sugar solution, presumably causing the crystals to be sucked away
during blotting or to be ripped off the grid during plunge-freezing.

We then transferred the crystals to continuous carbon grids using the loop method, in which
case it is the protein array that makes contact with the carbon film (Fig. 1E). When we applied
sugar to the front side of the grid (carbon-coated side), many of the crystals were covered with
small lipid vesicles (similar to what can be seen in Fig. 3B), which caused distortions in the
sbpA arrays. We found that the best way to prepare sugar embedded specimens was to use the
loop method to transfer the crystals to a glow-discharged grid covered with a continuous carbon
film, allow the crystals to adsorb for 2 minutes, add 2 pul of 5% trehalose solution onto the back
side of the grid, the grid-bar side, (spreading the drop evenly so that the trehalose can diffuse
into the specimen and embed the crystals), blot the grid from the back side for 10 seconds with
Whatman #1 paper before freezing either in liquid nitrogen or liquid ethane. The quality of
specimen preservation was quantified as described above by taking 18 images from 3 different
grids and assessing the resolution by optical diffraction. Freezing sugar embedded samples in
liquid nitrogen did not produce significantly better results than vitrification in the absence of
trehalose. 26% of the images did not show any diffraction and the best images (17%) only
showed diffraction spots to a resolution of about 21 A (Fig. 5C). Freezing sugar embedded
samples in liquid ethane dramatically improved the preservation of the crystals. Only 22% of
the images did not show any diffraction, the majority of images (72%) showed spots to a
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resolution better than 20 A and 20% of the images showed diffraction spots to a resolution
better than 11 A (Fig. 5D).

3.6. Projection map of spbA at 7 A resolution

Low-dose images of lipid monolayer crystals of sbpA, transferred to a continuous carbon grid
with the loop technique and embedded in 5% trehalose before freezing in liquid ethane, were
used to calculate a projection map. The quality of the images and the imaged crystals was
assessed by optical diffraction. The best ordered crystalline areas (showing diffraction spots
beyond a resolution of 10 A) in high-quality images (with no signs of specimen drift or
charging) were selected for further image processing. After unbending and correction for the
contrast transfer function (CTF), CTF plots typically showed good completeness of diffraction
data to ~7 A resolution, and occasionally 1Q 3 and 4 spots to a resolution of about 4 A (Fig.
6A). The sbpA 2D crystals have unit cell dimensions of a =b = 133 £ 0.5 A and y=90° (n =
8) and display p4 symmetry, determined using the program ALLSPACE (Valpuesta et al.,
1994) (Table 1). The amplitude and phase data from the best 5 images were merged to 7 A
resolution (Table 2) while applying p4 symmetry. The final projection map of trehalose-
embedded sbpA is shown in Figure 6B. The projection map shows that a unit cell of the sbpA
2D crystals (outlined in black in Fig. 6B) contains a single tetramer, as previously described
for native cell walls (Lepault and Pitt, 1984;Lepault et al., 1986).

The sbpA tetramer has a complex projection structure with each subunit consisting of three
domains as described previously (Lepault and Pitt, 1984; Lepault et al., 1986). The four major
domains (labeled M in Fig. 6B) form a square and constitute the core of the sbpA tetramer.
The four major domains surround a square low-density area in the center of the tetramer. Four
smaller arm domains (labeled A in Fig. 6B) extend from the sides of the core tetramer. The
arm domains make contact with the major and arm domains of one subunit from each of the
four neighboring tetramers. Each sbpA tetramer thus forms strong connections to the four
nearest neighboring sbpA tetramers (labeled “1” in Fig. 6B) through interactions involving the
major and arm domains. The minor domain of the sbpA subunit (labeled m in Fig. 6B) does
not show an obvious connection to the major and arm domains. The light and dark grey circles
thus indicate the two possibilities how the three domains may be arranged in an sbpA subunit.
Minor domains originating from four different sbpA tetramers also form a tetramer along the
four-fold axis at the corners of each unit cell (Fig. 6B). Each minor domain thus mediates
connections with two of the nearest neighboring sbpA tetramers and a second-nearest
neighboring sbpA tetramer (labeled “2” in Fig. 6B).

4. Discussion

Advances in specimen preservation have played a pivotal role in obtaining high-resolution
structures for membrane proteins by electron crystallography of 2D crystals. Sugar embedding
was originally introduced when Unwin and Henderson preserved purple membranes in glucose
for electron microscopic imaging (Unwin and Henderson, 1975), resulting in the first 3D
density map of a membrane protein (Henderson and Unwin, 1975) and later in the first atomic
model of a protein based on electron crystallographic data (Henderson et al., 1990). The sugar
serves both as non-volatile replacement for water and as cryo-protectant in the freezing of the
crystals. In addition, because sugar embedding involves much more extensive drying of the
sample as compared to sample vitrification, specimens prepared in sugar tend to be flatter and
better suited for collecting data from tilted specimens. Tannic acid was subsequently used to
preserve 2D crystals of plant light-harvesting complex Il (Kihlbrandt et al., 1994; Wang and
Kihlbrandt, 1991) and trehalose has been used to preserve a number of 2D crystals (e.g., Jap
et al., 1990; Hirai et al., 1999; Murata et al., 2000). Trehalose is the sugar expressed by
organisms in response to cold shock (Kandror et al., 2002) and it has characteristics that make
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it particularly well suited for the preservation of protein structure upon freezing (De Carlo et
al., 1999; Hirai et al., 1999). The main purpose of this study was thus to evaluate whether
trehalose embedding could be adapted for specimen preparation of 2D crystals grown on lipid
monolayers and whether it would preserve the structure better than the currently used
techniques.

Sugar embedding has been used before to prepare specimens of streptavidin 2D crystals grown
on lipid monolayers. Kubalek et al. (1991) used the direct transfer method to apply streptavidin
crystals to reticulated carbon grids and used 1% glucose in combination with freezing in liquid
nitrogen to preserve the crystals. Electron diffraction patterns of untilted crystals prepared in
this way showed diffraction spots to a resolution of 2.8 A. Avila-Sakar and Chiu (1996) also
prepared streptavidin lipid monolayer crystals by direct transfer to reticulated carbon grids, but
they froze the grids in liquid ethane without prior addition of sugar. Using this preparation
method the authors could collect electron diffraction patterns and images that allowed them to
calculate a projection map at 3 A resolution. The authors also reported that the vitrified crystals
were not sufficiently flat to collect data from tilted specimens, but that they could record high-
resolution electron diffraction patterns from glucose-embedded crystals at a tilt angle of 50°
(Avila-Sakar and Chiu, 1996). These studies thus not only report the highest resolution data
obtained with lipid monolayer crystals to date, but also suggest that sugar embedding may
indeed also be the best specimen preparation procedure for lipid monolayer crystals to collect
data from tilted specimens.

Our results differ from those obtained by Kubalek et al. (1991), as we were unable to produce
sugar-embedded specimens using the direct transfer method for our sbpA lipid monolayer
crystals. The difference may be explained by the fact that we used continuous carbon film
rather than reticulated carbon film and the associated differences in the way the sugar was
applied to the specimen. Instead, we used the loop transfer technique developed by Asturias
and Kornberg (1995) to adsorb our monolayer crystals to continuous carbon grids. Since with
this technique the protein array interacts with the carbon film rather than the hydrophobic lipid
tails of the monolayer, the crystals are more firmly attached and can thus withstand the sugar
embedding procedure. A surprising finding of our study is that trehalose embedding in
combination with freezing in liquid nitrogen (Fig. 5C) did not improve the preservation of the
sbpA crystals compared to vitrified samples (Fig. 5B), while trehalose-embedded specimens
plunge-frozen in liquid ethane showed a significantly better preservation of the crystals (Fig.
5D). The reason for this difference is not clear, since the trehalose should function as cryo-
protectant and make the freezing rate irrelevant for specimen preservation. Nevertheless, the
difference between freezing the monolayer crystals in liquid nitrogen versus freezing them in
liquid ethane was substantial and reproducible.

Our specimen preparation protocol, which consists of loop transfer of the monolayer crystals
to continuous carbon grids, embedding with 5% trehalose and subsequent freezing in liquid
ethane, allowed us to collect images and calculate a projection map of sbpA at 7 A resolution
(Fig. 6). This resolution is low compared to a resolution of 3 A obtained with streptavidin
monolayer crystals (Kubalek et al., 1991;Avila-Sakar and Chiu, 1996). Streptavidin is,
however, a much smaller protein (MW 15 kDa) and forms highly ordered 2D crystals with a
smaller unit cell (a =b = 82.3 A). Streptavidin 2D crystals are therefore probably more rigid
than 2D arrays formed by the larger sbpA tetramer and hence less susceptible to damage
introduced by the specimen preparation procedure. This notion is supported by the fact that
data of comparable resolution could be collected from vitrified (Avila-Sakar and Chiu, 1996)
and glucose-embedded (Kubalek et al., 1991) streptavidin crystals. This is clearly not the case
for sbpA crystals, since images of specimens prepared by direct transfer to holey carbon grids
and subsequent freezing, in contrast to our images collected from trehalose-embedded crystals,
never diffracted beyond a resolution of 25 A. Although we cannot be certain, it is likely that
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the resolution of our sbpA projection map is not limited to a resolution of 7 A by the specimen
preparation method but by the order of the sbpA arrays themselves. We predict that images of
streptavidin crystals prepared by the trehalose-embedding protocol presented in this
manuscript would also diffract to at least 3 A resolution, although this prediction needs
experimental testing.

Our 7 A projection map of sbpA is a substantial improvement compared to previous structural
studies on sbpA arrays, which were all limited to a resolution of about 20 A (Aebi et al.,
1974; Lepaultand Pitt, 1984; Lepaultetal., 1986; Pum and Sleytr, 1994). Our higher-resolution
projection map corroborates the previously published low-resolution maps (Aebi et al.,
1974; Lepault and Pitt, 1984; Lepault et al., 1986). The first negatively stained projection map
of shpA already revealed the three domains of an sbpA subunit (Aebi et al., 1974), which were
subsequently named major domain, arm domain and minor domain (Lepault and Pitt, 1984).
These three domains became more clearly defined in a later 3D reconstruction from negatively
stained sbpA crystals (Lepault et al., 1986). The complex 3D structure of the sbpA tetramer
makes it difficult to interpret our projection map in terms of secondary structure elements
despite the resolution of 7 A, which should resolve a-helices. Only the minor domain shows
distinct structural features and is resolved in our map into three circular densities (Fig. 6B).
The diameter of these three densities of about 8 A would be consistent with three helices
forming a bundle and running perpendicular to the plane of the lipid monolayer.

Neither the previous low-resolution maps nor our 7 A projection map reveal how the three
domains are connected in an sbpA subunit. One possibility is that the three domains form a
compact arrangement, where the major, arm and minor domains form a triangle (light grey
circlesin Fig. 6B). Alternatively, the three domains could form an extended, linear arrangement
as indicated by the dark grey circles in Fig. 6B. Although the precise domain organization of
sbpA is not clear, similar architectures are found in other tetragonal surface layers, as for
example in the S-layer from Sporosarcina ureae (Engelhardt et al., 1986). Higher resolution
information on the 3D structure will be needed, however, to elucidate the exact building plan
of these tetragonal S-layers. Knowledge of the structure will be crucial in attempts to engineer
recombinant S-layer proteins that form arrays with designed properties. S-layers have potential
for use in the fabrication of biotemplated energy generating devices such as batteries (Long et
al., 2004;Nam et al., 2006) and solar cells (Das et al., 2004), where precise engineering of the
S-layer structure can create a scaffold for the growth and arrangement of nanomaterials. A 3D
reconstruction at a resolution of 10 A or better will require flat specimens that can be used to
collect EM data from tilted specimens. Since sugar embedding produced flatter specimens of
streptavidin crystals grown on lipid monolayers (Avila-Sakar and Chiu, 1996), the trehalose
embedding technique presented here may lay the foundation to determine 3D structures of lipid
monolayer crystals of sbpA as well as other proteins at resolutions better than 10 A.
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Crystallization block

Direct transfer Loop transfer

Figure 1. The direct and loop transfer methods

(A) Teflon block used to grow 2D crystals on lipid monolayers. (B, C) Direct transfer method,
after which the lipid monolayer is in contact with the carbon film. (D, E) Loop transfer method,
after which the protein crystal is in contact with the carbon film. For (B — E) Protein crystals
are in yellow while the EM grid is colored gold.
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Figure 2. Negatively stained sbpA crystals formed in solution and on a lipid monolayer

(A) SDS PAGE gradient gel showing purified sbpA used for crystallization. Lane 1: Mark 12
protein standard (Invitrogen Corporation, Carlshbad, CA); lane 2: sbpA (MW ~120 kDa). (B)
sbpA crystals formed in solution within 2 hours after addition of 50 mM CacCl,. (C) After
incubation for 24 hours, the sbpA crystals grew larger but the order of the sbpA arrays did not
improve significantly (compare Fourier transforms shown as insets in panels B and C). (D)
sbpA crystals also formed within 2 hours of incubation with CaCl, on lipid monolayers. (E)
After a 24 hour incubation, the crystals grew not only bigger but also improved in order
(compare Fourier transforms shown as insets in panels D and E). Scale bars in the images are
100 nm; scale bars in the Fourier transform are (6.5 nm) L.
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Al

Figure 3. Negatively stained sbpA monolayer crystals prepared with the direct and loop transfer
methods

(A) Low magnification image (8,700x) and (C) high magnification image (52,000%) of sbpA
monolayer crystals prepared with the direct transfer method. (B) Low magnification image
(8,700x) and (D) high magnification image (52,000x) of sbpA monolayer crystals prepared
using the loop transfer method. The insets in panels C and D show the Fourier transforms of
the crystals. Scale bars in the images are 100 nm; scale bars in the Fourier transform are (6.5
nm)~L,
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Figure 4. Images of frozen-hydrated sbpA monolayer crystals prepared on holey carbon grids
(A) sbpA crystals transferred to Quantifoil grids using the direct method. (B) sbpA crystals
transferred to Quantifoil grids using the loop method. The Fourier transforms of these
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Figure 5. Resolution of images taken from crystals prepared on continuous carbon grids by the
indicated methods

For each preparation method, 3 grids were prepared and 18 images of sbpA crystals were taken
from each grid (indicated by different grey shades). The resolution of the imaged crystals was
assessed by the highest diffraction spots seen by optical diffraction. The graphs show the
number of images taken from each grid that showed diffraction spots in the indicated resolution
ranges.
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Figure 6. Electron crystallographic analysis of trehalose-embedded sbpA lipid monolayer crystals
(A) CTF plot of a representative image of a trehalose-embedded 2D crystal. The circles
represent CTF zero transitions and the boxed numbers depict the 1Q values of the individual
reflections as defined by Henderson et al. (1986). Scale bar is (1.5 nm)~1. (B) p4-symmetrized
projection map of sbpA at 7 A resolution. A unit cell with a side length of a=b =133 A is
outlined in black. The major (M), arm (A) and minor (m) domains of two sbpA subunits are
labeled. The light grey circles show the arrangement of the domains if the monomer adopted
a compact organization in the 2D arrays and the dark grey circles the arrangement of the
domains if the monomer adopted an extended organization. Nearest and second-nearest
neighboring shpA tetramers with respect to the central tetramer are labeled by “1” and “2”,

respectively.
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Table 1
Internal phase residuals of all possible two-sided plane groups using a representative image.

Two-sided plane group Phase residual (degrees)® Number of comparisons Target residual (degrees)b
pl 27.8¢ 434

p2 4084 217 408
p12_b 737 113 29.3
p12_a 74.0 111 29.0
p12, b 76.6 113 29.3
p12, a 724 111 29.0
c12_b 737 113 29.3
cl2_a 74.0 111 29.0
p222 59.0 441 34.2
p222, b 58.4 441 34.2
p222, a 62.2 441 34.2
p22,2; 69.3 441 34.2
€222 59.0 441 34.2
p4 30.04 525 33.2
pa22 513 998 306
p42,2 61.6 998 30.6

Internal phase residuals were determined using the program ALLSPACE (Valpuesta et al., 1994) from spots of 1Q1 to 1Q5 to 7 A resolution. Only plane
groups compatible with the sbpA lattice are shown.

a .
Phase residual versus other spots (90° random).
Target residual based on statistics taking Friedel weight into account.

Note that in space group p1 no phase comparison is possible, so the numbers given here are theoretical phase residuals based on the signal-to-noise ratio
of the observed diffraction spots.

dWithin 20% of target residual.
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