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Abstract

For cryo-EM structural studies we seek to image membrane proteins as single particles embedded
in proteoliposomes. One technical difficulty has been the low density of liposomes that can be
trapped in the ~100 nm ice layer that spans holes in the perforated carbon support film of EM
grids. Inspired by the use of two-dimensional (2D) streptavidin crystals as an affinity surface for
biotinylated DNA (Crucifix et al., 2004), we propose to use the crystals to tether liposomes doped
with biotinylated lipids. The 2D crystal image also serves as a calibration of the image formation
process, providing an absolute conversion from electrostatic potentials in the specimen to the EM
image intensity, and serving as a quality control of acquired cryo-EM images. We were able to
grow streptavidin crystals covering more than 90% of the holes in an EM grid, and which
remained stable even under negative stain. The liposome density in the resulting cryo-EM sample
was uniform and high due to the high-affinity binding of biotin to streptavidin. Using
computational methods, the 2D crystal background can be removed from images without
noticeable effect on image properties.
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1. Introduction

Membrane proteins are involved in many essential biological processes, such as ion and
solute transport, energy conversion, and cell signaling. Despite their pivotal roles, only
about 170 unique membrane protein structures have been identified (Raman et al., 2006), as
compared with over 46,000 known structures for soluble proteins, due to the difficulty of
forming crystals for X-ray or electron crystallography. Recently, single-particle electron
cryomicroscopy (cryo-EM) has been used to study structures of membrane proteins
solubilized in detergents. With the use of detergents, however, there always arises the
question of whether the native conformation is maintained.

A natural way to preserve the native conformation of membrane proteins for structural study
is to reconstitute them into liposomes (lipid vesicles). The resulting proteoliposomes are
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applied to perforated carbon films, fast-frozen and imaged using cryo-EM, and we expect
that the three-dimensional structure can be reconstructed from the cryo-EM images (Jiang et
al., 2001).

During our attempts to image proteoliposomes, we found that there were two technical
difficulties. First, the density of proteoliposomes varies with ice thickness and adsorptive
forces, so that they are found predominantly near the edges of holes in the perforated carbon
film where the quality of acquired images is poor. Second, when only microgram quantities
of the membrane protein are available, the proteoliposome concentration is low and few
images are obtained. Inspired by the immobilization of biotinylated DNA on two-
dimensional (2D) streptavidin crystals (Crucifix et al., 2004), we sought to use these crystals
to tether proteoliposomes decorated with biotinylated lipids, which will be valuable to
increase the proteoliposome density in acquired cryo-EM images.

Streptavidin, synthesized by Streptomyces avidinii, is a 15 kDa protein of 159 residues
(Sano et al., 1995). It is proteolyzed naturally at both ends, and the most stable and well-
studied form of this protein (called core-streptavidin) contains 125 to 127 residues. The
atomic structure was first determined independently by Weber et al (Weber et al., 1989) and
Hendrickson et al. (Hendrickson et al., 1989) using x-ray diffraction. Other forms (full
length, biotin-bound complex and mutants) have been studied extensively by X-ray
diffraction (Freitag et al., 1997; Freitag et al., 1999; Izrailev et al., 1997) and by electron
crystallography (Avila-Sakar and Chiu, 1996; Darst et al., 1991; Kubalek et al., 1991; Le
Trong et al., 2006; Wang et al., 1999). The crystal structures show that the protein is a
homotetramer of identical subunits with a D2 symmetry. Each subunit contains a p-barrel
with the biotin-binding site located at one end. The 2D crystal has a unit cell with a=b=8.23
nm, and -y=90° (Avila-Sakar and Chiu, 1996). Due to the mirror symmetry in the projection
map, the reflection spots with indices h+k=2n+1 are absent; thus in projection the crystal
appears to have a square lattice with a=b=5.82 nm and -y=90°. We use these parameters in
analyzing our projection images.

The 2D streptavidin crystal has been shown to be readily picked up by an EM grid coated
with a holey carbon film (Avila-Sakar and Chiu, 1996; Crucifix et al., 2004; Kubalek et al.,
1991), and crystal sizes up to a few um? have been observed (Crucifix et al., 2004; Kubalek
et al., 1991). Crystals fast-frozen in vitreous ice show electron diffraction to atomic
resolution (Avila-Sakar and Chiu, 1996), and the 2D crystals can also serve as tethering
surfaces, for example for tethering of biotinylated DNA molecules (Crucifix et al., 2004).
These authors demonstrated that the crystal information can be removed computationally,
allowing 3D models to be obtained by single-particle reconstruction to a resolution of 3 nm.

In the experiments described here, we use this 2D crystal as a nano-support and a tethering
template for liposomes, and as a built-in reference for the calibration of the image formation
process.

2. Methods
2.1 Growth of 2D streptavidin crystals

Streptavidin was purchased from Sigma-Aldrich (St Louis, MO). Biotinylated dipalmitoyl-
phosphatidyethanolamine (biotin-DPPE) and dioleyl-phosphatidlycholine (DOPC) (Avanti,
Alabaster, AL) were used as received. Two-dimensional streptavidin crystals were grown at
room temperature using a procedure similar to that described by Kubalek et al. (Kubalek et
al., 1991). 67 pl of Tris buffer (150 mM NaCl, 50 mM Tris, pH 7.0) containing 0.05-0.40
mg/ml of streptavidin was deposited in a micro-well formed by a polypropylene PCR tube
cap. Then 0.5-1.5 pl of a 0.5 mg/ml chloroform/hexane (1:1) solution of biotin-DPPE and
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DOPC, at a mass ratio of 1:4, was spread on the surface of the protein solution. The PCR
caps were placed in a humid chamber and kept at room temperature for 2-20 hrs. A standard
400-mesh EM grid coated with a perforated carbon film made by the stamping method
(Chester et al., 2007), was washed with hexane and dried in air for an hour, and then was
placed onto the surface of a well for one minute. It was withdrawn, washed with 3 droplets
(25 pl) of Tris buffer, and was either negatively stained or frozen for examination by
electron microscopy.

2.2 Preparation and tethering of liposomes

Diphytanoyl phosphatidylcholine (DPhPC) (Avanti, Alabaster, AL) was used as received.
DPhPC and biotin-DPPE (3600:1 mol/mol) were mixed in chloroform, dried under nitrogen,
and re-hydrated in HEPES-buffered KCI solution (135 mM KCI, 5 mM NaCl, 1 mM EDTA,
10 mM HEPES, pH=7.4) to a concentration of 2.9 mg/ml. The lipid suspension was frozen
and thawed 10 times, and extruded through an 80-nm polycarbonate membrane filter
(Whatman) using a Lipex™ extruder (Northern Lipids Inc.) (Mayer et al., 1986). We expect
there to be about 16 biotin-DPPE molecules in each 80 nm liposome. To obtain highly
spherical liposomes, we swelled them by repeated osmotic shocks, adding water to the
liposome suspension (11%, 14%, 18%, 24% and 33% of the original volume) at 1 hour
intervals at room temperature.

After the 2D streptavidin crystal was transferred to the perforated carbon film, the crystal
was incubated with liposome suspensions for 0.5-16 minutes, depending on the desired
liposome density on the grid. Then the grid was washed with two droplets (25 p.l) of 2 times
diluted HEPES-buffered KCI solution and one droplet (25 p.l) of 3 times diluted HEPES-
buffered KCI solution, after which either a negative stain or cryo-EM sample was prepared.
For negative stain, 2% uranyl acetate was applied to the sample and blotted away after 1
minute. For a cryo-EM sample, the grid was side-blotted briefly to remove excess KCI
solution, and then 6 pl of 5 times diluted HEPES-buffered KCI solution was applied to the
grid, and blotted away for 2-5 s using a slip of filter paper (Whatman) at room temperature.
The specimen was rapidly frozen by plunging into liquid ethane and stored in liquid
nitrogen.

2.3 EM imaging

Images of liposomes within the holes in the carbon film were taken at Brandeis University
using a Tecnai F30 microscope at 300 keV with a 30 um objective aperture and a Gatan
Imaging Filter (GIF). The electron dose for each exposure was 1000-3000 e/nmZ2. Images
were taken at 50,000 magnification and 0.2-4.5 pum defocus, and recorded on the GIF 2K x
2K UltraScan 1000 FT (Frame Transfer) camera with an effective pixel size of 0.253 nm.
Some data were taken at Yale University using a Tecnai F20 electron microscope at 200
keV using a 20 wm or 30 pm objective aperture. The dose for each exposure was about 2000
e/nm2. Images were taken at 25,000 or 50,000 magnification and 2.0-3.3 pm defocus and
recorded on Kodak SO-163 film. Negatives were scanned with a Zeiss SCAI film scanner to
an effective pixel size 0.28 nm.

2.4 MD simulations of the solvated streptavidin crystal

MD simulations of the streptavidin crystal were performed on the Bulldog-I computer
cluster at Yale University using NAMD2.6 (Kale et al., 1999) with version 27 of the
CHARMM force field. The structure of a streptavidin monomer was obtained from the
atomic coordinates (PDB code: 1STP). However, because the quaternary structure of the
tetramer in 2D crystals differs from that in 3D crystals, we constructed a tetramer (Fig. 1A)
by docking monomers to match the high-resolution projection map of the 2D crystal (Avila-
Sakar and Chiu, 1996). Water molecules (T1P3) were added around the tetramer to a
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thickness of about 2 nm in all directions: in total 23,260 water molecules were added,
resulting in a system of 76,765 atoms in a cubic box with periodic boundaries. After energy
minimization with a conjugate gradient for 10,000 steps, the system was subjected to 0.5 ns
of constant pressure and temperature (NPT) simulations (1fs per integration step) at 1 bar
and 300 K using the Nosé-Hoover method. The cutoff distance for van der Waals
interactions was 1.2 nm, with the pair list distance extended to 1.35 nm. The long-range full
electrostatic interactions were evaluated every time step using the particle mesh Ewald
method. Harmonic constraints were applied to maintain the tetramer structure, while the
water molecules were allowed to move freely. The mean number-density of each atom type
was obtained by averaging the trajectories of the last 0.2 ns of the simulation.

From the projection p{x, ) of the atom density along the zdirection we computed the
neutral-atom phase shift ¢, (units of mrad) of electrons passing through the specimen
according to

@n(x, y)=0eZVipi(x, )

Here Vjis the spatially-integrated, shielded coulomb potential for an isolated, neutral atom
(V;=0.025, 0.130, 0.108, 0.097, and 0.267 V-nm3 for hydrogen, carbon, nitrogen, oxygen
and phosphorous respectively, calculated from published parameters (Kirkland, 1998)); and
the interaction parameter o, describes the first-order dependence of the electron phase on the
projected electrostatic potential (7.3 and 6.5 mrad/V-nm for 200 and 300 keV electrons
respectively) (Kirkland, 1998). The resulting projection maps (Figs. 1B and C) are used as a
model for one unit cell of the crystal. The average internal potential is 5.6 and 7.1 V, which
for 300 keV electrons results in an electron phase shift of 36.5 and 46.2 mrad per nm of path
length for the water and protein regions respectively. In total, there is about 48 mrad more
electron phase shift for an electron passing through the 5 nm thick streptavidin protein
region than through the neighboring water region.

2.5 Calibration of the image formation process

In cryo-EM, the image intensity is a reflection of the electron phase shift due to electrostatic
potentials, including the internal potentials of the atoms in the specimen. In the weak-phase
approximation, the Fourier transform /(s) of the image intensity /(x,}) is most readily
expressed in terms of the two-dimensional spatial frequency s, as

1(8)=Io[8(s)+2m(s)c(5)@ ()] (2)

where 7, is the mean image intensity and &(s) is the two dimensional Dirac delta function.
The function ¢(s) is the Fourier transform of the specimen’s spatially-varying electron phase
shift g(x,)). In the weak-phase approximation, this is the same as the quantum mechanical
electron scattering amplitude. The “weak phase” CTF calso depends on the magnitude s of
the spatial frequency saccording to

c(s)=sin(-nAzAs*+0.57C, s ~a)  (3)
Here both the effects of the defocus Az (underdefocus is taken to be positive) and the

spherical aberration coefficient C; of the objective lens are included. The parameter a, not
part of the weak-phase theory, accounts for the observation of a small amount of amplitude
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contrast in cryo-EM images. (Eqn. (3) is identical to a more conventional expression for the
CTF,

c(8)= V1-02sin(—AzAs*+0.51C; 2% s*)— Ocos(—AzAs* +0.57C, A% 5%

given that sin a= Q. Typical values for a are in the range 0.05 to 0.1.)
The scaling factor mis theoretically equal to 1, but in practice it takes a smaller value and
varies with spatial frequency; we model it as

m(s):m()e_BS2 @)

where B is the overall amplitude decay factor; it corresponds to the “temperature factor”
used in X-ray crystallography, but numerically is one-fourth the value of the latter.

2.6 Determination of CTF parameters

3. Results

Two methods were used to estimate the defocus and other parameters of the contrast-transfer
function (CTF). When a region of carbon film was captured in a cryo-EM image, the CTF
parameters were obtained by fits to circularly-averaged image power spectra from this
region under the assumption that the amorphous carbon is an object with constant power
spectrum in the spatial frequency range of 1/3-1 nm~1. The fit was performed with a Matlab
program, and because it assumed no astigmatism, only images with no visible astigmatism
were used. From images containing streptavidin crystal, the defocus A zwas determined by
minimizing the total number of computed reflections having the wrong phases compared
with the atomic model of the 2D crystal. The B factors were determined using Eq. (4) under
the assumption that the overall amplitude decay accounts for the decrease of /m with spatial
frequency. All image processing and other calculations were done in the Matlab
programming environment.

3.1 Tethering of liposomes

As shown in Fig. 2A, liposomes adsorb to the carbon film and are excluded from the center
of the holes in typical cryo-EM samples. To produce a homogeneous distribution of
liposomes, 2D streptavidin crystals were employed as a hano-support. As shown in Fig. 2B,
POPC liposomes doped with a few biotin-DPPE molecules distributed uniformly over the
holes in a perforated carbon film. The crystalline support has a thickness of about 7 nm
including the streptavidin and lipids (Fig. 2C), which is thinner than conventional “ultra-
thin” carbon films (Gao et al., 2002). Furthermore, the scattering from this substrate is in a
periodic rather than random pattern, so that the information can be computationally
removed. The overall effect is reduced background noise from the support film.

Another benefit of the nano-support arises from the essentially irreversible binding between
the 2D crystal and the biotin-DPPE molecules in the liposomes. By varying the incubation
time between the liposome suspension and the crystal, the surface density of liposomes can
be adjusted as desired (Fig. 3). This is essential for the study of membrane proteins
reconstituted into liposomes. Usually, it is difficult to produce large quantities of membrane
proteins, resulting in proteoliposome suspensions with low concentrations. The high specific
binding enhances the attachment of proteoliposomes onto the nano-support, allowing
smaller quantities of reconstituted protein to be used. Compared with a glow discharged
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carbon film, the average surface density of liposomes was about 2 times higher on the 2D
crystal (Fig. 3F).

3.2 Optimization of crystal growth conditions

Successful use of the 2D crystals depends on the fulfillment of several requirements. Firstly,
the crystals have to cover most of the EM grid, so that they will be present in most
micrographs. Secondly, the crystal domain size must be large enough in order to have a
uniform crystalline pattern in each ~2 um-diameter hole. Thirdly, the process of growing
and transferring the crystals must be reproducible.

Several crystal growth conditions were investigated. We found that when the growth time
was short (e.g. 2 hrs), the average crystal domain size decreased as the streptavidin
concentration in the subphase under the biotinylated lipid monolayer was increased from
0.05 to 0.2 mg/ml (Figs. 4A, B and C). However, the average domain size increased with the
protein concentration when the growth time was 6 hrs, as shown in Fig. 4D. With an
overnight growth at a protein concentration of 0.2 mg/ml, individual crystal domains were
usually large enough to cover entire 2 um-diameter holes. Furthermore, the 2D crystal layer
covered more than 90% of the holes in an EM grid, and remained intact even in negative
stain, as shown in Fig. 3A.

3.3 Subtraction of the 2D crystal

A simple method was employed by Crucifix et al. to remove the periodic signal from images
(Crucifix et al., 2004). Basically, the image was Fourier transformed to reciprocal space, the
peaks on the reciprocal lattice were masked out, and then the inverse Fourier transform was
performed. This simple method did not introduce artifacts to a 3D reconstruction of RNA
polymerase to 3.0 nm resolution. We applied this method to simulated data of a liposome on
the 2D crystal, and found that setting the pixels in the neighborhood of the lattice peaks to a
locally averaged amplitude and phase, instead of zero, restores the liposome information
better. This improved method was used to remove the crystal information from the cryo-EM
images.

Firstly, a cryo-EM image (1024x1024 or 2048x%2048 pixels) (Fig. 5) was Fourier
transformed. Then a mask having the same reciprocal lattice as the 2D crystal, with a 3-
pixel-radius disc at each lattice point, was applied to the Fourier transform. There are several
ways to assign values to the masked Fourier pixels, but we found that the following method
worked as well as any: the values at the masked points were scaled to be equal to the local
background value, computed as the rms of an annulus (inner and outer radii 3 and 4 pixels)
surrounding the spot (Fig. 5E) while the phases of those pixels were left unchanged. As
shown in Figs. 5C and E, there was no visible crystal residue left in the resultant liposome
image.

As one test of this improved removal method, the circularly-averaged image intensity from
DPhPC liposomes was compared with the quantitative model we used previously (Wang et
al., 2006). The agreement was excellent, and the estimated values of the dipole potential,
640 £180 mV, 23 liposomes, which relies on details of the membrane profile, were in good
agreement with the published value (510 + 70 mV, 16 liposomes).

3.4 Quantitative analysis of the crystal and the image formation process

3.4.1 Quantitative model of the 2D crystal—With a quantitative model of the 2D
crystal, we wish to calibrate the image formation process by estimating the scaling factor
m(s) that multiplies the theoretical CTF (Eq. (2)). The model of the 2D crystal was obtained
from a MD simulation of a hydrated streptavidin tetramer (Fig. 1A). In building the tetramer
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we used the high-resolution projection map determined from electron crystallography and
imaging (Avila-Sakar and Chiu, 1996) to inform the docking of the streptavidin monomers.
We then used neutral-atom scattering amplitudes to compute the projection map of the 2D
crystal model (Fig. 1B). The neutral-atom amplitudes do not completely account for electron
scattering from molecules (Wu and Spence, 2003; Zhong et al., 2002). However, lacking a
complete parameterization of the scattering from molecular orbitals, we take the neutral-
atom factors as a first approximation. The lowpass-filtered version of the model (Fig. 1C) is
seen to be similar to the projection map we obtained from a pair of crystal images (Fig. 1D).
In addition, our model matches the fine details of the published projection map (Avila-Sakar
and Chiu, 1996; compare Figs. 1B and E) although it has much higher intensity in the center
of the unit cell when it is filtered (Figs. 1C and F).

3.4.2 Unbending of the 2D crystal—The 2D crystal is strong macroscopically (it
survived the harsh negative staining process as shown in Fig. 3A), but fragile
microscopically (it shows distortions in the image and the 2D lattice, as shown in Figs. 6C—
F). To restore the order of the 2D crystal and increase the signal-to-noise ratio (SNR), an
“unbending” (Henderson et al., 1986) technique was implemented in Matlab and applied to
the cryo-EM images to achieve higher resolution in 2D crystal structures. Using a Gaussian-
windowed reference image containing about 4-16 unit cells from the crystal, a cross-
correlation with the micrograph identified the locations of unit cells in a given crystal
domain. This lattice served as the reference points for a bilinear interpolation of the location
of each micrograph pixel into a new, scaled-up image with 32 x 32 pixels per unit cell. The
pixel mapping therefore accounted for both translational and rotational errors in each unit
cell. The unbending process increased the SNR of the computed diffraction spots by a factor
of 2-10. To quantify the quality of the unbent crystal, IQ maps (Henderson et al., 1986)
were calculated and are shown in Figs. 6G and H. Following Henderson et al., we calculate
SNR as the ratio of the spot amplitude, after background subtraction, to the rms background.
A projection map was generated by merging the data from images at two defocus values (0.5
and 4.5 pum). As shown in Fig. 1D, the data-derived projection map was in good agreement
with the lowpass filtered MD model (Fig. 1C).

3.4.3 Determination of the factor m—The m factor is the ratio of the observed image
contrast to that expected from the phase contrast mechanism. We write the real-space image
intensity from a 2D crystal as

1, )=I[ 1+w(x,y)] (5)

where the contrast u(x;)) in a square unit cell of dimension ais related to the Fourier
amplitudes w(h, K) by

wix, y):ZZW(h, expli2n(hetky)/al g
h k

From Eq. (2) the observed Fourier amplitudes w(/,4) are related to the unit cell structure
factors f{h, K) by

Wih, k)=2m(s)c(s) f(h, k) (7)

with the magnitude s of the spatial frequency given by s= V(7*+k?)/a. The mean electron
intensity, /5 was measured directly from the cryo-EM image taken with a CCD camera and
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the IMOD software (Kremer et al., 1996), which preserves the pixel read-out values. The
structure factors A/, k) were determined from the crystal model generated in Section 2.4.
With known CTF parameters and the measurement of the observed Fourier amplitudes, the
m factor was determined. To suppress the effect of noise (weak spots) and weak signal (near
minima in the CTF), only the strong spots in the Fourier transform of the cryo-EM image
were included in the calculation; these amplitudes are displayed in Figs. 7A and B. Because
of the centrosymmetric nature of the projection image, the phases are expected to be either 0
or 180°; only the real parts of the computed reflections wA(/, k) were considered, and these
were flipped in polarity according to the model, leaving the modulations due to the CTF.
Specifically, compared in the figures are the data and model Fourier amplitudes computed as

Wobs (1, K)=Wobs (. K)sgn[ frnocel (2, k)] ;
modet (s, K)=26(3) | o 0 @

After accounting for the CTF, the m factors were determined as the ratios Wyps/ Wnodel at

various spatial frequencies and plotted in Figs. 7E and F. We found that values of m

decreased as the spatial frequency increased.

Fig. 7B shows two occurrences of weak structure factors having the wrong phases, where
the model and experimental values have opposite polarities. The occurrence of the wrong
phases was about 1 in 30 for strong amplitudes used in the determination of /7 factors. It is
possible that the wrong phases were due to the MD model since the crystal contacts between
unit cells were not included in the MD simulation. However, the current dataset did not
provide the ability to assess that possibility. Inverting the phase of the corresponding spots
in the MD model image only show minor effects (less than 0.02% of the variance of the
pixels), and the changes are distributed throughout the unit cell.

3.4.4 Determination of CTF parameters—The process used to determine /m factors
was also used to determine the CTF parameters from local regions of cryo-EM images.
Estimates of defocus and B could be obtained from regions as small as 200 unit cells, about
100 x 100 nm in size, within holes in the carbon film. The defocus values were determined
by minimizing the total number of structure factors having the wrong phases compared with
the atomic model. Images taken on film, which due to the larger area included both the holes
and the surrounding carbon films, allowed a comparison to be made with the defocus values
and B-factors determined from the amorphous carbon surrounding the holes. The defocus
values were similar, as shown in Fig. 8C; there was however a discrepancy in B values
obtained by the two methods.

From the carbon-film images the B values were determined by weighted least-squares fitting
of the rotationally-averaged power spectrum. Let ¢(s) be the Fourier transform of the
scattering due to the carbon film. From eqgns. (2) and (4) the power spectrum of an image of
the carbon film will be

P(s)=4(sym2e B @), @)

Commonly the assumption is made that the carbon film represents “white noise”, so that its
intrinsic power spectrum |§(s)|? is independent of the frequency s. In this case the decay of
ripples (Thon rings) in the power spectrum arises entirely from the exponential function. We
found that B values obtained by fitting egn. (9) to image power spectra are consistently
larger than those obtained from analysis of crystals (Fig. 8D). The discrepancy could arise
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from the assumption of a flat power spectrum of the carbon film. If | #(s)[? actually decreases
with frequency the value of Bwill be overestimated unless this decay is taken into account.

3.4.5 Application of the calibration process—In our previous study (Wang et al.,
2006) we performed an absolute calibration of the image formation process using an MD
model of a lipid bilayer and applying it to images of liposomes. We now test the calibration
from the streptavidin crystal by using it to scale the image of a liposome for direct
comparison with theory. Starting with the model image of a streptavidin unit cell, we
imposed the CTF and used a least-squares fit to obtain the conversion factor m, from the
scattering amplitude to the image intensity. This conversion factor was used to convert the
liposome image contrast to that expected in the case of ideal phase contrast. The theoretical
contrast was meanwhile predicted from the lipid-bilayer MD data with the inclusion of the
intra-membrane dipole potential as determined previously (Wang et al., 2006). Fig. 5F
shows that the agreement between prediction and experiment are excellent, with no
parameters being adjusted.

4. Discussion

In this paper we have demonstrated the use of streptavidin crystals both as tethering
substrate and as a reference object for image calibration and quality measurement. As shown
here and by other researchers (Avila-Sakar and Chiu, 1996; Crucifix et al., 2004; Kubalek et
al., 1991), crystals of sufficient quality can readily be grown over holes in a perforated
carbon film. We also show that the crystal images can be used to determine contrast-transfer
function (CTF) parameters and provide an absolute calibration of the image-formation
process.

Streptavidin crystal growth using the lipid monolayer method involves two main processes
(Blankenburg et al., 1989). One is the specific binding of streptavidin molecules to the biotin
group in biotin-DPPE, and the other is the lateral diffusion of the biotin-streptavidin
complexes. The competition of these two processes determines the average crystal domain
size. When the protein concentration is low, the interval between successive binding events
is long and the bound biotin-streptavidin complexes have more time to diffuse and join
existing crystal domains. When the protein concentration is high, there is not enough time
for the nascent complex to join existing crystal domains, and the average domain size
remains small. This is exactly what was shown in Fig. 4. However, when the crystal growth
time is long enough, the small domains will slowly transform to have the same orientation as
their neighbors and thus the crystal size increases. For overnight growth of the crystal, the
average crystal size was several square microns, which was large enough to cover 2 pm-
diameter holes in the carbon film.

Yoshina et al. have demonstrated the use of DNA hybridization to tether liposomes onto
glass-supported bilayers (Yoshina-Ishii and Boxer, 2006; Yoshina-Ishii et al., 2005). We
tried a similar idea to tether liposomes onto a lipid monolayer. However, the lipid
monlayerwas not strong enough to survive the transfer and fast freezing processes. Only
about 20% of the holes were covered with the lipid monolayers. Therefore, only the 2D
streptavidin crystal was used in this study.

With the extremely specific binding of the streptavidin to biotin (K4 ~ 10712 M), the surface
density of the tethered liposome inside the holes in a cryo-EM sample was much higher than
that without the use of the 2D crystal, and about 2 times higher than the that on glow
discharged continuous carbon film (Fig. 3F).

J Struct Biol. Author manuscript; available in PMC 2013 January 17.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Wang et al.

Page 10

A crucial question in cryo-EM is how to evaluate the quality of individual particle images,
because their quality is the major factor in high-resolution single-particle reconstructions. As
shown by Gao et al (Gao et al., 2002), a large variability in image quality can exist within a
single micrograph. As a built-in reference, the streptavidin crystal provides a direct
measurement of the image quality. One can employ a simple image quality control method
in which only the images showing “higher-order” reflection spots (say, better than 1 nm) are
chosen for further processing. The value of the streptavidin crystal as a quality reference
might turn out to be useful even in situations where the particles being imaged are not
tethered to the crystal.

In the calibration process an atomic model of the 2D streptavidin crystal was required. It is
common to use the atomic coordinates of proteins to build simulated cryo-EM images.
These models are however always in error because they lack the surrounding water
molecules which largely match the protein’s electron scattering and therefore decrease the
contrast at the molecular boundary. We built a new streptavidin tetramer model (Fig. 1C) to
match the projection map of the 2D crystal (Avila-Sakar and Chiu, 1996), placed it into a
box of water molecules, and carried out an MD simulation to produce a realistic interface
between protein and water. A projection map computed from the MD model of the unit cell
was in good agreement with the experimental projection map (Fig. 1D).

There is always a concern about the flatness of a 2D crystal. For example, the 2D r-paraffin
crystal (~ 4.5 nm thick) could be tilted to about 5 degrees before the reflection spot intensity
began to fall off (Henderson and Glaeser, 1985). We investigated the effect of tilting on the
m factors by computationally tilting the MD model of the 2D crystal. Tilting up to 10
degrees had no effect on my, while tilts larger than 10 degrees changed the reflection pattern
and inverted some phases. Comparison of the computed reflections between the cryo-EM
image and the simulated tilted image leads us to conclude that the crystals analyzed here had
tilts of less than 10 degrees.

The scaling factor of the image formation process /my was found to be in the range of 0.2 to
0.5, disappointingly below unity but consistent with previous quantitative measurements by
Henderson and Glaeser (Henderson and Glaeser, 1985). In their work, the structure factors
of the 2D crystal were determined from electron diffraction patterns, and compared with
structure factors obtained from EM images of the 2D crystal. The structure factor ratios (/m
factors in this paper) of purple membrane decreased from 0.60 to 0.04 as the spatial
frequency increased from 1/2.7 to 1/0.4 nm™=1. The authors attributed the small /7 factors to a
reduction in contrast due to inelastic scattering of electrons. In the present work, we
employed an energy filter to eliminate inelastically scattered electrons from the images that
we used in estimating /m. Nevertheless, the value of m,remained only about half the
expected value. The neutral atom scattering assumption that underlies our theoretical
projection map might affect the magnitude of the determined my, but we believe the effect is
unlikely to be as large as a factor of two.

The discrepancy is reminiscent of the contrast mismatch factor or “Stobbs factor” in
materials science (Howie, 2004; Hytch and Stobbs, 1994). This factor is the reciprocal of g
in our notation; in a recent careful analysis of energy-filtered images of silicon crystals it
ranged from 1.5 to 2.3 (Du et al., 2007). The contrast mismatch was thought to arise in
thermal diffuse scattering of electrons, in which the small electron energy losses, less than
1eV, do not allow discrimination by energy filtering.

5. Conclusion

The present work demonstrates the benefits of using a 2D streptavidin crystal as a nano-
support for cryo-EM studies of liposomes and proteoliposomes. The crystal growth
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conditions have been optimized to grow reproducibly high quality 2D crystals, which
covered more than 90% of the holes on an EM grid. The average crystal domain was large
enough to cover an individual hole (a few um?). Due to the high specific binding between
streptavidin and biotin, the required amount of proteoliposomes was small (a few
micrograms for a cryo-EM specimen), and the resulting surface density of the tethered
proteoliposomes was adjustable via the incubation time of the proteoliposomes with the 2D
crystal. The crystal also served as an internal calibration of the image formation process.
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Fig. 1.

(A) Molecular representation of the hydrated streptavidin tetramer. (B) Projection map
(32x32 pixels with a pixel size of 0.182 nm); (C) Projection map was Gaussian-filtered with
a half power at 1/1.3 nm™1; (D) Data-derived projection map by merging reflections
computed from two images taken at 0.5 and 4.5 wm defocus (shown in Fig. 6) to a resolution
of 1/1.3 nm™L. (E) Projection map from electron crystallography (Avila-Sakar and Chiu,
1996), also shown in (F), Gaussian-filtered with a half power at 1/1.3 nm~1. The images are
5.82 nm square.
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45 nm liposome

5.0 nm 2D crystal
2.5 nm lipid monolayer

15-30 nm carbon

Fig. 2.

Tethering of liposomes onto 2D crystals. Cryo-EM images of liposomes with no supporting
structures (A) and with the 2D crystal nano-support (B). (C) Scale drawing of the tethering
system. The 2D crystal layer (5.0 nm) is bound to a lipid monolayer (2.5 nm) which spans a
hole in the perforated carbon film (15-30 nm in thickness). A liposome with a small
diameter (45 nm) is diagrammed here. Liposomes prefer to stay near the edge of the holes in
regular cryo-EM samples. When the 2D streptavidin crystal was used, a homogeneous
distribution of liposomes was obtained.
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Fig. 3.

Liposome tethering kinetics. EM images of negatively stained 2D streptavidin crystal
(spanning holes in the perforated carbon film) with tethered liposomes (POPC liposomes
doped with biotin-DPPE) at low (A), intermediate (B) and high (C-D) magnification. The
incubation time in (C) and (D) are 0.5 and 1.0 min respectively. (E) EM images of
negatively stained liposomes on a glow-discharged continuous carbon film with an
incubation time of 4.0 min. (F) The dependence of the average liposome density on the
incubation time. The lines represent the liposome density on 2D crystal (solid line) and
carbon film (dashed line), respectively.
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Fig. 4.

Protein concentration and crystal growth time effects on the crystal size. EM images show
the negatively stained crystal grown from (A) 0.2 mg/ml (B) 0.1 mg/ml (C) 0.05 mg/ml of
streptavidin solutions for 2 hours at room temperature. The black curves outline the domain
boundaries, the arrow shows the crystal orientation in each region, and each inset is a 3x
closeup of the adjacent region. (D) The dependence of average single crystal size on the
protein concentration and growth time. The crystal growth time was varied from 2 hr
(dashed line) to 6 hr (solid line) and overnight (data not shown, but the crystal covered entire
2 pwm-diameter holes for 0.2 mg/ml of protein concentration). The error bar is the standard
deviation of crystal sizes.
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Fig. 5.

Effect of the crystal lattice removal process on the images of DPhPC liposomes tethered on
the 2D crystal. (A) Cryo-EM image of liposomes tethered to a 2D crystal. (B—C) Cryo-EM
image of an individual liposome before and after the removal of crystal information. The
images were Gaussian-filtered (half power at 2.0 nm) for display. (D-E) The center quarter
of the power spectrum of the image before and after masking the spots. (F) Circularly
averaged experimental liposome image contrast w (dots) compared with model (line). The
image was taken on film, without energy filtering, using the Tecnai F20 electron microscope
at 200 keV. The defocus was 2.20 um and the B factor was estimated to be 1.86 nm2.
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Crystal analysis. (A—B) Overview of images (529 nm square) at 0.52 and 4.54 um defocus.
(C-D) Corresponding close-up of 20x20 unit cells; (E-F) Displacements of centers of arrays
of 2x2 unit cells from positions predicted based on a perfect lattice. Vectors are magnified
by a factor of 50. (G-H) IQ plots. The solid circles show resolution of 2.0 and 1.0 nm, and
the circles in thin line show the CTF zero positions. The size of the symbols is proportional
to the strength of the spot, and the numbers are 1Q values. The definition of 1Q follows
Henderson et al (Henderson et al., 1986). As a guideline, an 1Q number of 7 (marked by the
smallest symbols) is equivalent to a signal-to-noise ratio (SNR) of 1, and an 1Q number of 2
is equivalent to a SNR of 3.5. The SNR was calculated as the ratio of the spot amplitude to

the rms background value.
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Fig. 7.

Determination of m factors. (A-B) Comparison of the computed reflections from cryo-EM
images taken at 0.52 and 4.54 um defocus and from the model. The real parts of the
observed Fourier amplitudes were flipped according to the polarity of the model structure
factors, resulting in polarities that reflect the alternating polarities of the CTF. Model
structure factors were multiplied by the CTF (with B set to zero). The labels are reflection
indices, and the numbers in parenthesis are the spatial frequencies in units of nm=1
corresponding to the reflections. The oval in (B) marks reflection spots having inverted
phases compared with the model. (C-D) Contrast-transfer function ¢ corresponding to the
images above. The red crosses mark the spatial frequencies of the major reflections and
demonstrate the polarity reversals. (E-F) Determination of my and B. The solid line is the
fitted Gaussian function, with B= 1.42 and 1.54 nm? respectively. The labels are spatial
frequencies in nm™1, and in parentheses are the numbers of computed reflections averaged in
each group.
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Analysis of mfactors and CTF parameters. (A) m factors from 9 cryo-EM images recorded
on a CCD camera using a Tecnai F30 with the defocus from 0.5 to 4.7 um. The B factor
determined from the least-squares fit of a Gaussian function (solid line) is 1.55 nm2. (B)
Values of min four frequency bands (indicated in panel A) as a function of ice thickness, for
which the logarithm of beam attenuation serves as a surrogate. Ice thickness does not seem
to affect min these images obtained with an energy filter. (C) Comparison of defocus values
determined from crystals and from carbon film. (D) Comparison of B factors determined
from crystal and carbon film. The data for (C) and (D) was collected using the Tecnai F20
microscope and recorded on film.

J Struct Biol. Author manuscript; available in PMC 2013 January 17.



