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Visualization of B-Sheets and Side-Chain Clusters in Two-Dimensional
Periodic Arrays of Streptavidin on Phospholipid Monolayers by
Electron Crystallography

Agustin J. Avila-Sakar* and Wah Chiu**
*Department of Molecular Physiology and Biophysics, *Verna and Marrs McLean Department of Biochemistry, The W. M. Keck Center for
Computational Biology, Baylor College of Medicine, Houston, Texas 77030 USA

ABSTRACT The biotin-binding protein streptavidin was crystallized as two-dimensional periodic arrays on biotinylated
phospholipid monolayers. Electron diffraction patterns and images of the arrays embedded in vitreous ice were recorded to
near-atomic resolution. Amplitudes and phases of structure factors were computed and combined to produce a 3 A
projection density map. The reliability of the map was verified by comparing it to the available x-ray atomic model of the
molecule. Projection densities from B-strands and some amino acid side chains were identified from the electron cryomi-
croscopy map. These results demonstrate the first near-atomic image of this type of protein periodic array by electron
crystallography, which has a great potential to aid in the structural characterization of molecular arrays engineered on a
monolayer for various basic or biotechnological applications.

INTRODUCTION

Two-dimensional (2-D)' protein crystallization on lipid
monolayers was introduced over a decade ago as a novel
technique to solve the structure of biological macromole-
cules (Fromherz, 1971; Uzgiris and Kornberg, 1983). It has
stimulated the development of functionalized surfaces for
molecular devices, such as biosensors (Ahlers et al., 1989;
Morgan and Taylor, 1992). It has also been proposed as a
model system to study surface recognition phenomena,
analogous to the type presumably occurring at cell mem-
branes between ligands and receptors (Ahlers et al., 1990;
Blankenburg et al., 1989; Miiller et al., 1993). In addition, it
has recently been demonstrated to be a useful seeding
technique for the epitaxial growth of x-ray quality crystals
(Hemming et al., 1995). Among more than a dozen proteins
(Kornberg and Darst, 1991; Jap et al., 1992) or macromo-
lecular assemblies (Avila-Sakar et al., 1994) that have been
crystallized by this technique, streptavidin 2-D crystals dif-
fract electrons beyond 3 A (Kubalek et al., 1991), suggest-
ing that structure may be retrievable at that resolution. This
15 kDa protein, synthesized by Streptomyces avidinii, is
probably the single most widely used protein in modern
biochemical assays (Bayer and Wilchek, 1990). Because of
its extremely high affinity (K; ~ 10™'> M) for the vitamin
biotin (Green, 1975; Garlick and Giese, 1988), it forms
nearly irreversible complexes, which can be detected by a
variety of methods (Bayer and Wilchek, 1990). The atomic
structure of streptavidin was solved independently by We-
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ber et al. (1989) and Hendrickson et al. (1989) using x-ray
crystallographic methods. The availability of an atomic
model of the protein made streptavidin a suitable test spec-
imen for evaluating the merits of electron crystallography
for retrieving high-resolution structure from 2-D protein
periodic arrays on lipid monolayers.

MATERIALS AND METHODS
Specimen preparation

Streptavidin was purchased from Boheringer Mannheim GmbH (Mann-
heim, Germany). Dioleoylphosphatidylcholine (DOPC) was a product of
Avanti Polar Lipids (Birmingham, AL). N-(6-((Biotinoyl)amino)hexanoyl)-
dipalmitoyl-L-a-phosphatidylethanolamine (B-X-DHPE) was a product of
Molecular Probes (Eugene, OR).

Two-dimensional streptavidin crystals were grown on biotinylated
phospholipid monolayers in teflon wells using a procedure similar to that
described by Kubalek et al. (1991). Twelve microliters of Tris buffer (150
mM NaCl, 50 mM Tris, pH 7) containing 0.20 mg/ml of streptavidin was
deposited in a well. Then 1 ul of a 0.25 mg/ml chloroform solution of
DOPC and B-X-DHPE, at a ratio of 4:1, was spread on the surface of the
protein solution. The crystallization wells were placed in a humid chamber
and kept at room temperature for 15 min. A carbon-coated perforated grid
(Fukami and Adachi, 1965) was placed on the surface of each well for
approximately 30 s. It was withdrawn and the excess liquid was blotted
with filter paper. The specimen was preserved in vitreous ice by rapidly
plunging the grid into liquid ethane. The frozen, hydrated specimens were
transferred to a Gatan cryoholder (model 626; Gatan, Inc.) and kept at
—160°C throughout all data collection.

Electron cryomicroscopy

Electron diffraction patterns were recorded on Kodak SO-163 film at 100
kV in a JEOL1200 microscope using a 50 um condenser aperture and a
nominal camera length of 200 cm, without selective aperture. The illumi-
nated area at the specimen contained approximately 240,000 unit cells. The
electron dose was 1 electron/A? as measured from a precalibrated picoam-
meter (model 480 Digital picoammeter; Keithley Instruments, Cleveland,
OH) connected to the fluorescent screen of the microscope.
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Electron images were recorded at 400 kV in a JEOL4000 microscope
using flood beam illumination and low-dose procedures, similar to those of
Jeng and Chiu (1983). The grids were scanned in defocused diffraction
mode in search for areas likely to contain crystals. When one such area was
found, the diffraction spot was focused and a selective area aperture was
inserted. If low-resolution diffraction spots were visible on the fluorescent
screen, imaging of that crystal was attempted. Focusing was facilitated by
the use of a slow-scan 1024 X 1024 charge-coupled device camera (Gatan,
Inc.; Brink and Chiu, 1994). Before each exposure on film, a 512 X 512
pixel image of an adjacent area of the carbon net was recorded and Fourier
transformed on line using a DigitalMicrograph (Gatan) (Krivanek and
Mooney, 1993; Mooney et al., 1990) to obtain an estimate of the defocus
from the contrast transfer function (CTF) ring pattern. Then the objective
lens was set to the desired focus and the deflector coils were shifted back
on axis using the microscope’s user functions (Brink and Chiu, 1991).
Images were recorded at a nominal magnification of 40,000X on Kodak
$0-163 film with a dose of 8 electrons/A? at the specimen.

All photographic films were developed in Kodak D19 developer for 12
min at 20°C and fixed in Kodak fixer for 10 min.

Data processing

Processing of electron diffraction patterns was done according to the
method of Baldwin and Henderson (1984). Crystallographic R-factors were
computed as

R—_— Elll _12|
>l + Ll

where I, and I, are the intensities of symmetry-related reflections. Friedel
symmetry and mirror symmetry about the a* and b* axes of the reciprocal
lattice were evaluated in this way.

Image processing was done with the aid of the graphic environment of
SPECTRA (Schmid et al., 1993) using the Fourier averaging approach
(Henderson et al., 1986). Image areas showing sharp optical diffraction
spots at a resolution of 4 to 5 A were digitized in arrays containing
approximately 970 unit cells. The scanning step size at the specimen was
1.28 A. A total of 22 image arrays from six different micrographs were
processed. Unbending was applied to correct in-plane lattice distortions for
each of the image arrays (Henderson et al., 1986). A reference area 1.5
times the area of a single unit cell was used to search by cross-correlation
for the positions of all unit cells in the image and to compute their
displacements from the perfect lattice.

A first approximation to the effective defocus was determined from the
maximum and minimum positions of the CTF rings (Thon, 1971) when
visible. To enhance the visibility of the CTF rings, the amplitudes of the
Fourier transforms of many arrays from the local image area in a single
micrograph were summed up (Zhou et al., 1995). In Fourier transforms
where no CTF rings were visible even after this enhancement, we obtained
an initial guess of the defocus and astigmatism parameters by comparing
their phases with the CTF-corrected ones from images where Thon rings
were visible. In a second step, we refined the CTF parameters of each film
against all others by minimizing their merging phases residuals (Bullough
and Henderson, 1990), as described below.

We used the program ORIGTILT (MRC, Cambridge, England) to
compute phase residuals and beam-tilt corrections among 22 image arrays
(Henderson et al., 1986). No symmetry was assumed at this stage. Initially,
only two image arrays were compared, one of them with visible CTF rings
to about 4 A resolution. A search for the other image’s defocus in two
orthogonal directions, Az,, Az,, and the angle of astigmatism 6 with respect
to the a* axis was performed by letting one parameter vary at a time. The
phases were flipped by 180° in the appropriate ranges defined by the CTF,
using the program CTFAPPLY (based on the MRC code). A coarse
defocus search (increments of 200 A, usually between —0.5 and 0.5 um)
was followed by a finer search with increasingly smaller increments (in
some instances down to a 10 A step). Phase residuals for reflections with
1Q =< 4 in 12 resolution shells were used for this determination. Parameters
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that lowered the phase residuals in most or all resolution ranges were kept
for the next refinement cycle. One image at a time was added to the
merging set and the procedure was repeated until the full set had been
merged. Then, each CTF parameter from each image was refined against
the full set. At this stage we performed a selection of image arrays by
excluding those whose contribution resulted in a deterioration of the phase
residuals, rather than an improvement, generally because the phase residual
in some resolution ranges could not be brought below 45°. The order of
merging was also varied, and only the ones giving the lowest phase residual
were chosen. Finally, the refinement was repeated on all selected image
arrays, this time using all reflections with IQ = 5.

The final phase shifts after refinement were applied to all reflections
with IQ = 8. Figures of merit (FOMs) were computed according to the
method of Henderson et al. (1986), using the program AVRGAMPHS
(Henderson, 1992b). In addition, the phases from the combined structure
factors were evaluated for the presence of twofold rotation axes in the
plane and perpendicular to the plane of the crystal.

Generation of 3 A projection map

A projection map was synthesized by combining the amplitudes (F )
from an electron diffraction pattern with the merged phases () from the
images. The amplitudes were weighted by the corresponding figure of
merit before combination. cmm symmetry (see Results) was enforced.

To evaluate the degree of recoverable information from images alone, a
Wilson scaling was done between electron diffraction and image ampli-
tudes to estimate a B-factor for the decay of image amplitudes. Projection
maps were synthesized with both amplitudes and phases from images, with
and without compensation for that B-factor.

Interpretation of the projection map

The atomic coordinates of the streptavidin-biotin complex (Weber et al.,
1989) were obtained from the Brookhaven Protein Data Bank. Visualiza-
tion of the atomic model was done using the program CHAIN (Sack,
1991). A tetramer was generated by applying the known 222 point group
symmetry of the molecule (Weber et al., 1989). It was projected along each
of the three dyad axes to identify the view in the projection map.

The crystallographic package X-PLOR (Briinger, 1992a) was used to
generate an atomic model of streptavidin. Topology and energy parameters
for biotin were generated in X-PLOR, using the high-resolution crystal
structure of biotin (DeTitta et al., 1976).

With the computed crystal parameters of the streptavidin monolayer
crystals, a model crystal was generated and oriented with respect to the
electron beam view. The repeat in the z direction was simply a stack of
monolayer crystals. Tabulated atomic scattering factors for electrons (Ibers
and Hamilton, 1974b) were fitted with a sum of four Gaussian plus a
constant for the elements C, N, O, S, and H. The resulting fitting functions
were used in the computation of structure factors in X-PLOR. A central
section of the 3-dimensional (3-D) diffraction pattern was computed and its
amplitudes compared to the experimental electron diffraction amplitudes.
R-values were computed according to the formula

2 |1Fal = k1P|
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Phase extension to 2.5 A

Given that the electron diffraction amplitudes extend to a higher resolution
than the image phases (see Results), we refined the atomic model of
streptavidin against those amplitudes to extend the resolution of the map.
The refinement sequence was 1) rigid body, 2) overall B-factor, and 3)
individual atomic coordinates and solvent flattening. The cross-validation
criterion, R-free value (Briinger, 1992b), was used to prevent overfitting of
the data.
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RESULTS
Electron diffraction

Fig. 1 shows one of the best electron diffraction patterns
from a streptavidin monolayer crystal embedded in vitreous
ice extending to 2.5 A resolution. The diffuse background
scattering has been subtracted. The center of the pattern,
which is replaced by a disk, is saturated by the direct
electron beam and the low angle inelastic scattering. Dif-
fraction patterns of streptavidin crystals on lipid monolayers
are not always of the same quality as the one shown in Fig.
1. They frequently show split reflections arising from the
presence of multiple lattices in the field covered by the
electron beam, or blurring possibly due to long-range dis-
tortions of the crystals. The percentage success in getting
diffraction patterns that did not suffer from those defects
was less than 10%.

The overall Friedel R, factor was 0.09 for 638 pairs of
reflections between 20 and 2.5 A in the pattern shown in
Fig. 1. The distribution of reflections suggests mirror sym-
metry about a* and b*, and systematic absences for indices
h + k = 2n + 1. This is consistent with a centered plane
group, like cm or cmm (Ibers and Hamilton, 1974a). The
Ryym factors for reflections related by those putative mirror
axes was 0.20, about twice as large as the Friedel R,
factor. This could be due to a slight tilt of the crystal with
respect to the electron beam. In an electron diffraction
pattern recorded from a glucose-embedded crystal (not
shown), the R, for the two mirror axes was 0.10 up to 2.5
A. As will be shown below, cmm symmetry is also consis-
tent with the phases extracted from the images.

FIGURE 1

Electron diffraction pattern of ice-embedded streptavidin
crystal grown on a biotinylated phospholipid monolayer. Unit cell param-
etersarea = 823 A, b =823 A, v = 90.0°. Highest resolution reflections
corresponding to a Bragg spacing of 2.5 A are detectable.
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The pattern in Fig. 1 is characterized by strong intensities
between 20 and 10 A, then a considerable reduction in the
diffracting power between 10 and 6 A, followed by strong
intensities between 6 and 3.5 A. Strong diffracting power
along the a* axis with maxima between 4.5 and 5 A can be
interpreted as indicative of B-sheet structure, the spacing
between B-strands being around 4.8 A (Astbury and Woods,
1933; Brown and Trotter, 1956). From the intensity distri-
bution of the pattern, it is expected that some 3-sheets may
be aligned roughly parallel to the b axis of the unit cell.

Electron images

Initial attempts to image streptavidin crystals failed fre-
quently as a consequence of beam induced specimen move-
ment. The success rate increased dramatically when a larger
beam diameter was used which also imaged part of the
carbon support film of the perforated grid. Fig. 2 shows a
digitized image array from a 400 kV electron micrograph of
an ice-embedded streptavidin crystal across a hole without
carbon support film. The area contains approximately 970
unit cells. The defocus value of this image was determined
to be about 0.3 pm. Therefore, it exhibits very little con-
trast. However, the analysis of the Fourier transform of this
image revealed components with high signal-to-noise (s/n)
beyond 4 A resolution. Fig. 3 displays the s/n ratio of the
reflections extracted from the amplitude peaks on the recip-
rocal lattice relative to its local background. The procedure
was carried out using the graphic display of the program
SPECTRA (Schmid et al.,, 1993), and the programs
LATREF and MNBOX (MRC). In the figure, the conven-

FIGURE 2 Digitized 400 kV electron image array of an ice-embedded
streptavidin crystal grown on a biotinylated phospholipid monolayer. The
area contains approximately 970 unit cells. The image contrast is very low,
partly because the defocus was <0.5 um. The scale bar represents 200 A.
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FIGURE 3 Schematic representation of the Fourier components of the
image shown in Fig. 2. The sizes of the circles are related to the signal-
to-noise ratio (s/n), according to their IQ index (see text). Terms with IQ
= 4 have a s/n ratio = 2.

tional IQ scale (Henderson et al., 1986) is used. As a
guideline, IQ = 4 is equivalent to s/n > 2.0, IQ = 5 is
equivalent to s/n > 1.6, and IQ = 8 is equivalent to s/n >
1.0. The full processing, including unbending and correc-
tions for the microscope’s contrast transfer function (CTF),
was carried out on a set of 22 image arrays from six
negatives recorded from different crystal preparations. After
unbending, a typical increase in the overall s/n ratio was
35%.

CTF determination and merging of image arrays

CTF rings were visible in some images from streptavidin,
because the illuminated field included part of the carbon net
supporting the specimen. The visibility of those CTF rings
was enhanced after summing up the amplitudes of the
Fourier transforms of many arrays from the local image
area. However, other images did not show CTF rings in
their transforms even after enhancement. An initial guess of
their defocus values was arrived at by comparing their
phases with the corrected ones from those in which the CTF
rings were visible. The use of electron diffraction ampli-
tudes to refine the CTF parameters resulted in a set of
phases with an overall merging phase residual of 25.5° for
reflections with IQ =< 4 from 22 image arrays to 3.0 A
resolution. However, phase residuals at resolutions beyond
5 A became unacceptably high, with some being as high as
90°. The refinement of the CTF parameters based on phase
information alone (with starting values derived from Thon
rings and phase comparisons, as described in Materials and
Methods) eventually resulted in a coherent set of phases to
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3.0 A resolution, with an overall merging phase residual of
18.3° for all reflections with 1Q < 5 from five final image
arrays extracted from four films. Beam tilt adjustments
ranged from —2.0 to 3.4 milliradians. The CTF parameters
for the four films included in the final merging set are in
Table 1 and the merging phase residuals by resolution zones
appear in Table 2.

The structure factors were combined according to the
method of Henderson et al. (1986). Figures of merit (FOMs)
were derived from phase probability distributions according
to the method of Henderson (1986). The mean FOM was
0.67 for reflections with IQ = 8 and 0.97 for reflections
with IQ = 5. Mirror phase residuals about the a* and b*
axes, respectively, were 31° and 27° for all merged structure
factors (18° and 15° for structure factors with FOM = 0.76).
The phase residual for a twofold symmetry axis perpendic-
ular to the crystal plane was 30° for all combined structure
factors (24° for structure factors with FOM = 0.76). The
low mirror and twofold phase residuals, particularly for
reflections with high FOM, suggest that the projection map
has cmm symmetry. Assuming a single protein layer (which
is strongly supported by the interpretation of the map with
the atomic model; see below), this projection symmetry is
consistent with the two-sided plane group c222 (Holser,
1958).

Combination of amplitudes and phases

Image phases were combined with the electron diffraction
amplitudes to generate a structure factor set with 217 unique
terms to 3.0 A resolution. They were enforced according to
plane group cmm. The amplitudes were weighted by the
corresponding FOM before combination. Fig. 4 shows a
histogram of the resulting structure factors as a function of
their FOM. To evaluate the FOM as a parameter for mea-
suring the reliability of the data, we generated another set of
structure factors from the forbidden reflections (h + k = 2n
+ 1) of the same five image arrays. Such set is expected to
represent the distribution of noise in the images. The fre-
quency of reflections with 1.00 = FOM = 0.95 was clearly
greater in the data set than in the noise set. For reflections
with 0.95 = FOM = 0.90 the frequency of reflections in the
data was marginally greater than in the noise. The frequency
of structure factors with FOM < (.90 was not greater than
that of the noise structure factors. Table 2 shows the distri-
bution of reflections with FOM = 0.90 by resolution zones,
and Fig. 5 shows the FOM for all reflections after merging
from the four images. The size of the circles is a function of

TABLE 1 Defocus and astigmatism values for four films

Image ID Dz, (A) Dz, (A) 6(°)
7816 -2725 —4060 -38
7887 -5270 —4600 -2
7888 3987 4400 57
7845 -3905 ~5545 155
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TABLE 2 Phase reliability statistics by resolution zones
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Merging phase

Frequency of phases

Fraction of

Resolution residuals Mean figure of with FOM = 0.90 phases identical

range A) (IQ =5) merit Data* Noise* to model Completeness

20.0-104 13.3 0.938 0.92 0.07 0.86 1.00
104-7.3 26.8 0.878 0.82 0.04 0.88 0.72
7.3-6.0 12.3 0.777 0.71 0.07 0.82 0.73
6.0-5.2 19.8 0.704 0.65 0.09 0.78 0.96
52-4.6 41.2 0.697 0.48 0.04 0.90 0.78
4642 12.3 0.790 0.67 0.00 0.86 0.86
42-39 30.6 0.529 0.58 0.05 0.89 0.81
3.9-3.7 319 0.554 0.69 0.02 0.81 0.85
3.7-35 — 0.488 0.40 0.07 0.60 0.67
3.5-33 31.3 0.491 0.11 0.02 0.93 0.54
3.3-3.1 1.1 0.495 0.49 0.04 0.62 0.62
3.1-3.0 — 0.533 0.20 0.00 0.20 0.26
Overall 18.3 0.657 0.60 0.04 0.80 0.74

*Final structure factor set used in the generation of the projection map.
*Set extracted from the forbidden reflections of the image arrays.

the electron diffraction intensities. Filled circles correspond
to phases with FOM = 0.90.

Projection map

A projection map was synthesized with amplitudes from
electron diffraction and phases from images including
data to 3.0 A resolution. In Fig. 6, the densities in the
map are displayed using gray levels. High densities are
white. The area shown corresponds to two unit cells. We
used the atomic model of a streptavidin tetramer to
interpret the densities in the map. First we noted that the
222 point group symmetric tetramer (Weber et al., 1989;
Hendrickson et al., 1989) could give rise to cmm sym-
metry in projection along each of the three mutually
perpendicular twofold axes. Such axes were convention-
ally designated as P, Q, R by Hendrickson et al. (1989).
Images along those directions were simulated using X-
PLOR and compared visually to our experimental map.
In that manner, the direction of view was unambiguously
determined to be along the R dyad axis. In the figure, the
atomic backbone of one streptavidin tetramer is overlaid
on the projection map. The Q and P dyads coincide with
the horizontal and vertical mirror lines of the projection
map, respectively, whereas the R dyad is perpendicular to
the projection plane.

Fig. 7 shows one unit cell with the atomic model overlaid
(for clarity, two protomers have been omitted). Each subunit
is an eight-stranded B-barrel (Weber et al., 1989; Hendrick-
son et al., 1989). Along this view, the densities of four
B-strands from two Q dyad-related subunits align at the
level of the projected Q dyad (labels in Fig. 7 indicate the
particular strands involved, according to the polypeptide
sequence). Three of them (B-strands 6, 7 and 8) actually
overlap with the Q dyad-related ones, giving rise to
strong density peaks. The loop between B-strands 5 and
6 also shows considerable overlap, both within a single

subunit and between the two subunits, and coincides with
a high density peak. Below that peak, part of a single
strand (B-strand 5) is visible. The central densities from
B-strands 8 are split, and give rise to the four peaks in the
middle of the map. Each peak is produced by three
overlapping residues, two from one subunit (Leu 124 and
Val 125), and one from the subunit related by the Q dyad
(Thr 123). The very strong peak along the vertical (pro-
jected P dyad), 10 A away from the center of the mole-
cule, coincides with the overlap of six residues from all
four subunits, including the stacked aromatic rings from
two P dyad-related histidine (His 127), with a closest
contact of 3.1 A in the atomic model, as measured from the
atomic coordinates (Weber et al., 1989), using the program
CHAIN (Sack, 1991). The other overlapping residues at that
peak are two asparagines and two alanines (Asp 118, Ala 119,
and the P dyad-related mates). The total mass contributed by
those six residues is about 752.

0 .il.1. h
1 0.95 0.9 0.85 0.8

FIGURE 4 Figure of merit (FOM) histograms for combined data and
noise from about 6000 unit cells, up to a resolution of 3 A.
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FIGURE 5 (a) Schematic representation of the set of combined structure factors in the reciprocal plane to 3 A resolution. The size of the circles is a
function of the electron diffraction amplitude. Filled circles correspond to reflections with FOM = 0.90 in their merged phases; open circles represent those
with FOM between 0.9 and 0.5. (b) Distribution of phase identities between cryomicroscopy and model in the reciprocal plane to 3 A resolution. Because
of the cmm symmetry of the projection, the phases could only be either 0° or 180°. Therefore, the experimental phases either match the model exactly (filled
circles) or are 180° degrees apart (open circles). As in a, the size of circles is a function of the corresponding electron diffraction amplitudes.

An interesting region occurs close to the inter-tetramer
contact. The only overlaps around this area are within single
subunits. Fig. 8 shows a detailed view of that region. The
densities from electron cryomicroscopy data are now dis-
played as contour levels. The contour lines are separated by
intervals of 0.5 o starting from the mean density of the map
and ending at 3.0 o. Levels above 1.0 o are colored blue.
The localized strong peak at the center of the display coin-
cides with two overlapping aromatic side chains, one from
Tyr 96 and one from Trp 21, this last one seen almost
edge-on. The two side chains are relatively close to each
other in space (closest contact = 3.8 A). In addition to those
side chains, the only other overlapping residue is Thr 28.
The total mass contributing to that peak is about 504 Da.
The boundary between two tetramers is also visible in that
figure. It includes 11 residues from each tetramer with a
mean distance of 4.0 A.

To obtain a quantitative measure of the similarity
between the projected reconstruction and the atomic
model, we computed structure factors from the atomic
model using X-PLOR. They were compared to the am-
plitudes and phases from electron cryomicroscopy. The
R-factor for amplitudes between 20 and 2.5 A was found
to be 0.39. Eighty percent of the phases between 20 to 3.0
A were identical in model and cryomicroscopy (Table 2).
The distribution of phase identities in the reciprocal
lattice is plotted in Fig. 5 b.

Maps with amplitudes from images

The projection maps shown in Figs. 6, 7, and 8 were derived
exclusively from electron cryomicroscopy data, without the
aid of the atomic model information. The atomic model has
been used only for comparison and interpretation. To eval-
uate the degree of recoverable information from images
alone, a Wilson scaling was done between electron diffrac-
tion and image amplitudes to estimate a B-factor for decay
of the image amplitudes. The B-factor then obtained was
116 A2 In Fig. 9, a projection map obtained with image
amplitudes alone is compared to one in which the image
amplitudes have been corrected for that resolution-depen-
dent decay. Both maps are compared to the projection map
generated with electron diffraction amplitudes. The three
maps include data to 3.0 A resolution.

Phase extension

The data included in the map extend to 3.0 A, but as stated
before, there is measurable intensity in the diffraction pat-
terns up to 2.5 A. The atomic model was refined against the
electron diffraction amplitudes, in an attempt to extend the
resolution of the map to 2.5 A. The course of the refinement
is shown in Table 3 in terms of overall R-value and R-free
value. The initial and final R-factors are shown in various
resolution zones in Table 4. Deviations of the refined model
from ideality appear in that Table 5. The rms deviation from
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FIGURE 6 3 A projection map of streptavidin by electron crystallography. Amplitudes were from electron diffraction; phases were from electron
imaging. Two unit cells are shown, each with a tetramer at the center and portions of adjacent ones at the corners. The atomic model of the molecule, as
obtained from the Brookhaven Protein Data Bank (Weber et al., 1989), is overlaid on one of the tetramers. Protomers within the tetramer are displayed with
different colors. The Q and P dyads coincide with the horizontal and vertical mirror lines of the projection map, respectively, whereas the R dyad is
perpendicular to the projection plane.

starting model was 0.20 A. The average B-factor was 12.4
A2, Fig. 10 shows a detail of the projection map to 2.5 A
resolution, where there is little overlap between different
subunits of the tetramer. The refined atomic model is over-
laid.

DISCUSSION
Crystal quality

The remarkable ease of producing 2-D streptavidin crystals
on phospholipid monolayers contrasts with the relatively
low frequency of crystals of good quality for electron dif-
fraction purposes. As stated above, only a very small frac-
tion were collected in ice that would show sharp, high-
resolution reflections arising from a single crystalline
lattice, like the one shown in Fig. 1. That pattern showed
apparent mirror symmetry. However, the computed R-fac-
tors for the mirror lines (0.20) were relatively high, as
compared to the R-Friedel (0.09). The information from
image phases, as well as from some electron diffraction
patterns from glucose-embedded specimens, strongly sug-
gested cmm symmetry. Therefore the small deviations in the
ice-embedded sample were most likely due to slight tilt. The
inaccuracy introduced by considering the amplitudes as
derived from an untilted crystal were inevitably carried over
to subsequent stages of the analysis. Nevertheless, the most
important question in this study was whether the phases
could be retrieved reliably from electron images. It is known

from simulations with x-ray crystallographic data that den-
sity maps with correct phases and inaccurate amplitudes are
interpretable in terms of atomic structures, whereas maps
with accurate amplitudes but incorrect phases are com-
pletely uninterpretable (Cantor and Schimmel, 1980).
Therefore, to a first approximation, it was expected that
some interpretable densities could be obtained in spite of the
questionable amplitudes if the correct phases were retrieved.

Electron images

Attempts to record electron images from streptavidin crys-
tals consistently failed when using a small diameter (1000 to
2000 A) for spot-scan imaging. When searching for crystals
at low magnification, it was noticed that the beam could
change in diameter drastically as it moved from a carbon
film area to the middle of a hole where it stopped making
contact with the carbon film. This phenomenon probably
indicated charging of the specimen, as has been observed
using various specimens, including streptavidin embedded
in glucose (Brink et al., 1994). To avoid this problem we
tried to include part of the carbon film in all pictures.
Therefore, we used a beam diameter of 1.6 pm. This indeed
resulted in a higher success rate. All images included in this
study were recorded in this way.

Most image arrays processed did not have major lattice
distortions. However, some increase in s/n ratio was ob-
tained in each of them after unbending. Interestingly, the
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FIGURE 7 3 A projection map of streptavidin by electron crystallogra-
phy. One unit cell is shown with PDB atomic model overlaid (two pro-
tomers are omitted for clarity). The densities along the horizontal mirror
line of the tetramer (Q dyad in projection) arise from the overlap of
segments of four B-strands of one protomer with the Q dyad related ones
from the adjacent protomer (in the figure numbered according to the

polypeptide sequence).

search for cross-correlation peaks was more successful
when using a reference area smaller than conventionally
used in such procedures. Usually, a patch with an area
equivalent to 1% of the total area is cross-correlated with
the filtered image of the array. In this study, the reference
area was 0.16% of the total area, equivalent to 1.5 unit cells.

CTF refinement and merging

Whereas some images showed CTF rings that enabled the
initial determination of defocus and astigmatism values,
others did not show such rings. An initial guess of their
values was arrived at by a comparison of their phases with
the corrected ones from one in which the CTF rings were
visible. However, the use of electron diffraction amplitudes
to refine the CTF parameters did not result in a satisfactory
set of coherent phases. The reason could be that, as already
discussed above, the electron diffraction amplitudes carried
a deviation from mirror symmetry (R,,,, = 0.20) that was
twice as large as the counting statistics inaccuracy (Rgpieqer
= 0.09). Therefore, we decided to rely on the phases to
conduct a refinement of the CTF, under the assumption that
a correct CTF determination would lead to a minimal phase
residual among the image arrays compared. The final over-
all phase residual of 18.3° for all reflections with IQ =< 5
indeed suggests that the CTF corrected phases are coherent
(for comparison, the phase residual without CTF correction
was 58°).
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FIGURE 8 Detailed view of a region with densities from one subunit
only. The strong peak close to the center of the figure coincides with the
overlapping aromatic side chains of Tyr96 and Trp2l. The boundary
between adjacent tetramers is also visible here. It includes 11 residues from
each side, and the mean distance between tetramers is 4.0 A. Contour levels
(in o units) in both a and b: blue: 3.0, 2.5, 2.0, 1.5, 1.0; gray: 0.5, 0.1.

The improvement in merging phase residuals after CTF
refinement was paralleled by an improvement in symmetry
phase residuals consistent with cmm projection symmetry.
This brings up an interesting point, because a number of
studies indicate that each tetramer with a 222 symmetry
should have two occupied biotin binding sites interacting
with the monolayer and two empty ones facing away from
the monolayer (Darst et al., 1991; Hemming et al., 1995;
Herron et al., 1992; Miiller et al., 1993), which allows for p2
symmetry, but strictly not ¢222 symmetry. However, our
data were merged under the pl assumption, and the cmm
symmetry was deduced exclusively from the low phase
residuals about the reciprocal axes a* and b*. Under the
cmm symmetry, all four sites are equivalent in projection.
Therefore, our current projection data are not sufficient to
detect the structural difference, if any, among the biotin
binding sites.

Reliability of phases

The figure of merit (FOM) has been used to evaluate the
reliability of phase determinations in electron images
(Henderson et al., 1986; Hayward and Stroud, 1981; Brill-
inger et al., 1990; Bullough and Henderson, 1990). In this
study it was found empirically that for FOM < 0.90 the
distribution of FOM values in the data set is not distinguish-
able from a distribution of FOM values extracted from
noise. For example, a structure factor with 0.70 < FOM =
0.80 is as likely to occur in a combination of true structure
factors as in a combination of noise structure factors. Only
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FIGURE 9 (a) Projection map with electron image amplitudes and
phases. (b) Map using same data as in a but with a correction for a B-factor
of 116 A2 (c) Projection map using electron diffraction amplitudes and
electron image phases.
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TABLE 3 R-free and R-factor values at different stages of
the refinement of the atomic model against the electron
diffraction amplitudes

Initial Rigid Overall x,y,z and

(PDB file) body* B-factor* solvent®
R-free! 0.48 0.48 043 0.39
R-factor¥ 0.38 0.37 0.37 0.18

*Eulerian angles of rotation (°): 0.02, 1.02, 1.73; translation along x,y,z
(A): —0.02, —0.05, 0.01.

B = —1042 A%

$Solvent correction: k = 0.03, B = 100 AZ; solvent content in protein layer:
48%.

ITest (cross-validation) set: random 10% of the reflections.

*Working set: 90% of the reflections.

values with FOM = 0.90 occur with a higher frequency in
the data set. Although the result cannot be directly extrap-
olated to other data sets, it suggests that one should be
cautious about reflections with FOM < 0.90. The percent-
age of reflections with FOM = 0.90 in the streptavidin data
set was 60%. Fig. 5 clearly indicates that those high FOMs
are predominantly associated with strong intensities. More-
over, Table 2 shows that the percentage is high at low
resolution and decreases at high resolution.

Projection maps and their reliability

As mentioned earlier, one of the motivations for carrying
out this study was the availability of an atomic model of
streptavidin derived from x-ray crystallography (Weber et
al., 1989; Hendrickson et al., 1989), so that we could
evaluate the electron crystallographic method for 2-D crys-
tals grown on lipid monolayers. Figs. 6, 7, and 8 show
qualitatively that the most outstanding features of the pro-
jection map can be interpreted by direct comparison with
the atomic backbone of streptavidin. Most importantly, the
expected densities for 8-sheets were found along the hori-
zontal mirror axes and correspond to overlapping B-strands,
at a region of extensive contact between Q dyad-related
subunits. On the other hand, some regions of the map,
especially near the edge of the molecule, had poorly defined
densities. They correspond mainly to regions of the mole-
cule with high temperature factors, according to the atomic
model (Weber et al., 1989).

Another way to verify our map is to examine the structure
factors relative to those from the model. A quantitative
comparison of the amplitudes of the structure factors be-
tween model and cryomicroscopy yielded an R-factor of
0.39. Such high R-factors may reflect some of the inaccu-
racies in the electron diffraction amplitudes mentioned ear-
lier. But it may also be a reflection of slight conformational
differences between streptavidin in a 3-D crystal environ-
ment and streptavidin adsorbed to a phospholipid mono-
layer. The phases are 80% identical between model and
microscopy up to 3.0 A resolution (Table 2). In fact, a closer
inspection by resolution zones shows that the percentage
identity is greater in some ranges, for example 90% between



66 Biophysical Journal

TABLE 4 Initial and final R-factors by resolution zones
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. Initial (PDB file) Final
Resolution range
(A) R-free* R-factor* R-free* R-factor* Completeness
20.0-5.7 0.42 0.44 0.25 0.23 0.79
5745 0.22 033 0.24 0.13 0.94
4,540 0.61 0.33 0.52 0.13 0.83
4.0-3.6 0.21 0.35 0.23 0.14 0.77
3.6-33 0.87 0.32 0.72 0.16 0.62
33-32 0.46 0.49 0.44 0.26 0.73
3.2-3.0 0.82 0.46 0.74 0.19 0.31
3.0-2.9 0.60 048 0.52 0.19 0.70
29-28 — 0.42 — 0.29 0.48
2.8-2.7 — 0.45 — 0.16 0.33
2.7-2.6 0.49 0.33 045 0.21 0.48
2.6-2.5 — 0.34 — 0.25 0.57
Overall 0.48 0.38 0.39 0.18 0.67

*Test (cross-validation) set: random 10% of the reflections.
*Working set: 90% of the reflections.

5.2 and 4.6 A (Table 2). There is a drastic decrease in
identity observed between 3.1 and 3.0 A, and the data
completeness drops to about 26% at that resolution. The
percentage of FOM = 0.90 also shows a significant de-
crease in that range (Table 2). Projection maps generated
with various resolution cutoffs showed no apparent gain in
structural detail when going from 3.3 to 3.0 A. For practical
purposes, therefore, the effective resolution of the recon-
struction would be ~3.3 A from data derived exclusively
from electron diffraction and imaging.

An obvious consideration is how important is it to have
electron diffraction data versus electron images alone. Re-

FIGURE 10 Detailed view of projection map after refinement of the
atomic model against the electron diffraction amplitudes. Area shown and
contour levels are the same as in Fig. 8. The map includes data to 2.5 A
resolution. Notice that the density peaks are sharper and better localized
around most of the amino acid chain clusters.

cent studies have shown promising results toward high-
resolution structure determination without electron diffrac-
tion amplitudes (Unger and Schertler, 1995). In the case of
streptavidin, we could not distinguish many features of the
projection structure from a reconstruction based on image
amplitudes alone. If those amplitudes are multiplied by a
compensation factor for the resolution-dependent decay, as
in the work by Unger and Schertler (1995), some features
become recognizable. However, the noise in our map is also
greatly amplified. It is not clear whether one could tell
which features are true and which are noise in the absence
of the known structure of streptavidin. Our results tend to
favor the need of electron diffraction amplitudes for high-
resolution structure determination, but it may well be that
averaging over a larger image data set could overcome the
noise limitations.

To extend the resolution of the map to the limit of the
electron diffraction data, we refined the atomic model of the
streptavidin tetramer against the electron diffraction ampli-
tudes to 2.5 A resolution. Rigid body refinement produced
only a small change in the position and orientation of the
subunits with respect to each other (Table 3), with marginal
drop in the R-factor and R-free factor. The application of an
overall B-factor resulted in a 5% drop of R-free factor but
no significant drop in R-factor. Finally, refinement of indi-
vidual atomic coordinates and inclusion of bulk solvent
resulted in a further 4% drop of R-free factor and a 19%
drop in R-factor. The final R-factor of 18% is comparable to
values commonly obtained in the refinement of protein
structures in x-ray crystallography. The final model has
good geometry, as indicated by the bond and angle devia-
tions from ideality in Table 5. The reconstructed projected
potential to 2.5 A shows more and better defined density
peaks. The detail shown in Fig. 10 reveals sharper and better
localized peaks around most of the amino acid side-chain
clusters. The rms deviation of the model from the starting
one suggests that the conformation of streptavidin on the
monolayer is not appreciably different from that in the 3-D
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TABLE 5 rms deviations from ideal (1148 atoms)

Bonds 0.017 A
Angles 3.5°
Dihedrals 27.4°
Impropers 1.4°

crystal packing. Clearly, a 3-D density map is needed to test
this hypothesis and arrive at a precise description of the
structure of streptavidin on the monolayer.

Prospects for 3-dimensional structure

One of the goals in the study of streptavidin on a biotiny-
lated phospholipid monolayer is to examine its structure
upon binding to a surface with and without the biotin. In the
crystal packing, two subunits of the tetrameric streptavidin
would be bound to the biotinylated phospholipid mono-
layer, whereas the other two would be facing the aqueous
phase. Based on the present projection data alone, it was not
possible to demonstrate such a distinction, because most
likely the expected differences are within the experimental
error. It may be useful to include data from specimens with
biotinylated lipids carrying a heavy atom, for example gold.
This could provide a direct experimental tool to answer the
question about how many biotin sites are actually occupied
on streptavidin on the lipid monolayer. However, visualiz-
ing possible conformational changes derived from such
partial occupancy of the biotin binding sites should await a
full 3-D structural study. Another potential interest in studying
the streptavidin crystal on a phospholipid monolayer is to see
if there is any ordered lipid, and, if so, to determine its inter-
action with the proteins. The current analysis did not reveal
such features, but it may become possible with three-dimen-
sional data and better resolution. Based on our limited trials, it
is difficult to obtain flat enough crystals embedded in ice for
the collection of tilted data necessary for 3-D reconstruction.
However, using glucose-embedded specimens, we were able
to record electron diffraction patterns at a nominal tilt angle of
50° with data to 3 A (Avila-Sakar, 1995).

CONCLUSION

The present work demonstrates the potential of retrieving
reliably near-atomic resolution information from biological
macromolecules on phospholipid monolayers by electron
crystallography. A 3 A projection map of streptavidin was
generated with amplitudes and phases from electron diffrac-
tion and electron images, respectively. The map shows
interpretable projection densities in terms of the atomic
model of the molecule. This is the first near-atomic projec-
tion image of a protein crystallized on phospholipid mono-
layers. Structural details at the level of secondary structure
were identified. Features of the map arising from only a few
overlapping amino acid side chains were also identified.
Although image data are limited to 3 A in this study, there
is no reason to believe that such limitations could not be
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overcome by a more exhaustive image data collection to 2.5
A, the resolution limit of the crystal, as demonstrated by its
diffraction pattern. It is conceivable that other proteins
could be crystallized with similar techniques and be studied
to the same level of resolution.

An interesting prospect for extending the current analysis
is the possible future applications of the streptavidin mono-
layers to solve structures of other biomolecules. In principle
there are many proteins of unknown structure that could
bind to a preformed streptavidin monolayer via simple or
complex linkers. In some cases, such constructs have dem-
onstrated some functionality and are therefore of biotech-
nological relevance (Herron et al., 1992; Morgan and Tay-
lor, 1992; Miiller et al., 1993). One should keep in mind that
recognition processes in biology and biotechnology are
fundamentally related to the structures involved. For that
reason, detailed knowledge of molecular structure is likely
to influence our understanding of the function of biological
systems, as well as biotechnological devices, such as bio-
sensors. Structural characterization of biological surfaces at
the atomic level demands the utilization of numerous mod-
ern techniques (Helm et al., 1991; Weisenhorn et al., 1992;
Furano and Sasabe, 1993; Haas et al., 1995). Electron
crystallography may well become one of the structural tools
for high-resolution analysis of macromolecules (Chiu and
Schmid, 1993).
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