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Abstract
Cryo-electron microscopy single particle analysis shows limited resolution due to poor alignment
precision of noisy images taken under low electron exposure. Certain advantages can be obtained by
assembling proteins into two-dimensional (2D) arrays since protein particles are locked into
repetitive orientations, thus improving alignment precision. We present a labeling method to prepare
protein 2D arrays using gold nanoparticles (NPs) interconnecting genetic tag sites on proteins. As
an example, Mycobacterium tuberculosis 20S proteasomes tagged with 6x-histidine were assembled
into 2D arrays using 3.9-nm Au NPs functionalized with nickel-nitrilotriacetic acid. The averaged
top-view images from the array particles showed higher resolution (by 6–8 Å) compared to analysis
of single particles. The correct 7-fold symmetry was also evident by using array particles whereas it
was not clear by analysis of a comparable number of single particles. The applicability of this labeling
method for three-dimensional reconstruction of biological macromolecules is discussed.
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1. Introduction
Cryo-electron microscopy (cryo-EM) single particle analysis, two-dimensional (2D)
crystallography, and tomography are emerging techniques to solve three-dimensional (3D)
structures of biological macromolecules and understand their dynamic function. The structural
resolution of single particle reconstruction depends on protein size, number, and symmetry due
to low signal-to-noise (S/N) ratio of cryo-EM images under low electron exposure (Frank,
2002; van Heel et al., 2000; Wang and Sigworth, 2006). Gold nanoparticle (NP) labeling
techniques have proven to be an important complementary tool for protein structural analysis
because Au NPs provide strong contrast in noisy protein images (Hainfeld and Powell,
2000). Functionalized Au NPs can specifically bind to naturally occurring or genetically
engineered amino acid residues exposed on protein surfaces (Hainfeld and Furuya, 1992;
Hainfeld et al., 1999; Safer, 1999). This site-specific single-cluster labeling of a protein is
convenient to identify and localize the positions of specific chemical species or binding sites,
subunits, and domains of the protein (Al-Bassam et al., 2002; Asturias et al., 2005; Boisset et
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al., 1992; Buchel et al., 2001; Datta et al., 2005; Kikkawa et al., 2000; Montesano-Roditis et
al., 2001; Rappas et al., 2005; Wagenknecht et al., 1994). It has been proposed that site-specific
multiple-cluster labeling of a protein could enable the precise determination of protein
orientations, therefore improving resolution of single particle reconstruction (Jensen and
Kornberg, 1998). Recent experimental progress to test this hypothesis has been made in
labeling influenza neuraminidase using four single chain variable fragment (scFv)-Au NP
conjugates (Ackerson et al., 2006).

Electron crystallography of highly-ordered protein 2D crystals can reach a quasi-atomic
resolution even along the direction normal to crystal membranes regardless of the missing cone
effect (Henderson and Unwin, 1975; Murata et al., 2000). Functionalized Au NPs have shown
to be excellent scaffolds for assembling proteins into ordered icosahedral shells (Sun et al.,
2007). Herein, we report a labeling technique of using Au NPs to assemble proteins into 2D
arrays by site-specific binding to genetic tag sites on proteins, and discuss its application for
cryo-EM image analysis and structural reconstruction of proteins. As an example, we used 6x-
histidine (His) tagged mycobacterium tuberculosis (Mtb) 20S proteasome (a 750-kDa
complex) and 3.9-nm Au NPs functionalized with nickel-nitrilotriacetic acid (Ni-NTA). This
D7-symmetric cylindrical protein has a stack of four rings, αββα, and each layer has seven
identical subunits (Hu et al., 2006). A 6x-His tag was placed in the C-terminus of each β subunit,
thus creating seven pairs of binding motifs that are uniformly dispersed around the periphery
of the two central layers (Fig. 1). Our previous results showed that the proteasomes were
assembled into 2D arrays with a 1:1 stoichiometry between Au NP and proteasome when
incubated with Ni-NTA Au NPs (Hu et al., 2007). In this study, image analysis showed that
averaged top-view images from the proteasome arrays gave more accurate structural
information at a higher resolution using fewer protein particles than those from the single
particles without Au NPs. This distinctive labeling method locks protein orientation, produces
high visibility for cryo-EM, and enables collection of close-to-focus data, therefore facilitating
protein structural analysis.

2. Materials and methods
2.1. Materials

All chemicals, except where noted, were purchased from Sigma-Aldrich Inc., and used without
further purification.

2.2. Synthesis of Ni-NTA Au NPs and assembly of Mtb 20S proteasomes
Ni-NTA functionalized Au NPs were synthesized following our published method (Hu et al.,
2007). In brief, hydrogen tetrachloroaurate (HAuCl4) was reduced using sodium borohydride
(NaBH4) in the presence of L-glutathione (γ-glu-cys-gly, GSH) and (1S)-N-[5-[(4-
Mercaptobutanoyl)amino]-1-carboxypentyl]iminodiacetic (Lys-NTA-SH) at pH 7.0, followed
by treatment with a solution of NiCl2 to convert Au NPs into Ni-NTA Au NPs. Transmission
electron microscopy (TEM) analysis from 400 NPs indicated that the Au NPs have an average
size of 3.9 nm with a standard deviation of 0.7 nm (Supplementary Fig. 1).

NP-proteasome binding complexes were prepared by mixing them in a 2:1 (NP:proteasome)
molar ratio in buffer solutions. A 5-μL (4.3 mg/mL, 0.028 nmol) proteasome solution in 10
mM phosphate buffered saline (PBS, containing 150 mM NaCl) at pH 7.5 was added to a 30-
μL (0.17 mg/mL, 0.014 nmol) aqueous solution of 3.9-nm Ni-NTA Au NPs, followed by
incubation at 4 °C for 2–3 days (Hu et al., 2007). This solution was used for TEM analysis.
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2.3. Synchrotron radiation circular dichroism (SRCD) spectroscopy
A 40-μL (0.5 mg/mL) NP-proteasome solution was placed in a quartz cuvette with a 100-μm
pathlength. SRCD spectra were recorded at 4 °C within a vacuum ultraviolet wavelength range
of 170–300 nm using a synchrotron source and averaged over four scans. The baseline was
subtracted using an Au NP solution as the reference. The absorption unit was converted into
mean-residue molar differential extinction coefficient, Δε, in M−1 cm−1 using the following
equation:

Δε = ΔA × MW
c × d × N

where ΔA is the experimentally observed difference in adsorption, MW is the molecular weight,
c is the protein concentration in mg/mL, d is the cuvette pathlength in cm, and N is the number
of peptide bonds in the protein. The spectra of protein solutions (0.5 mg/mL) without using
Au NPs were also recorded and processed following the above procedure.

2.4. Electron microscopy and image analysis
A 5-μl (1.0 mg/mL) NP-proteasome solution was pipetted onto a glow-discharged Quantifoil
grid (Quantifoil Micro Tools GmbH), and blotted with filter paper for 3–5 s under a humidity
of 70–90%. The grid was plunged into liquid ethane cooled by liquid nitrogen in a Vitrobot
(FEI), transferred into a cryo-specimen holder (Gatan) cooled by liquid nitrogen, and inserted
into a JEM-2010F microscope (JEOL) operating at 200 kV. Cryo-EM images were recorded
on a SO-163 negative film (Kodak) using an electron dose < 10 e/Å2 at a tobacco mosaic virus
calibrated magnification of 50k, and digitized in a film scanner (Nikon Coolscan 8000) with
a step size of 2000 dots/inch (2.54 Å/pixel). The images of proteins without using Au NPs were
also obtained following the above procedure. Negative stain (nano-W, Nanoprobes Inc.)
images were used to screen samples using JEM-1200EX (JEOL) microscope operating at 120
kV at a low electron dose (< 10 e/Å2) with either an 1k×1k CCD camera (Gatan) or a SO-163
negative film (Kodak).

Structural analysis was done using SPIDER (Frank et al., 1996) and EMAN (Ludtke et al.,
1999), which included micrograph screening, defocus value estimation, particle selection,
phase contrast correction, shift and rotational alignment, and averaging. Here, proteasome
particles without and with Au NPs were referred to as single and array particles, respectively.
For single particles, a 3D proteasome structure (Supplementary Fig. 2) at 11-Å resolution
(Supplementary Fig. 3) was obtained from 7000 randomly oriented proteasome particles
following a procedure of image classification, initial model reconstruction using common-line,
and final model refinement using projection matching and back projection under D7 symmetry
(Hu et al., 2006). Its low-pass filtered (filter radius = 15 Å) top-view projection was used as a
reference to automatically detect and select top-view proteasome particles from randomly
oriented single particles. For array particles, the top-view particles were manually selected
because the top view was the only view in Au NP-proteasome arrays. A procedure of shift and
rotational alignment for both single and array particles was performed using the same
parameters (mask radius, low-pass filter radius, and reiteration steps). The resolution of
averaged images from 50–1000 particles was estimated using the Fourier shell correlation (FSC
= 0.5) criterion (Bottcher et al., 1997; Conway et al., 1997).

3. Results
3.1. Assembly of proteasomes into arrays using Au NPs

As predicted from the positions of 6x-His tags, Ni-NTA Au NPs bound to the periphery of two
center layers in the cylindrical Mtb 20S proteasome. The dispersed distribution of 6x-His tags
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resulted in the formation of submicron-sized 2D arrays with a 1:1 (NP:protein) stoichiometry
(Fig. 2a). Almost all of the proteins and Au NPs are bound to each other, showing a high
labeling efficiency (Fig. 2a inset). Although the contrast of protein particles from the NP-
proteasome array in vitreous ice was poor at a defocus value of as low as 1.4 μm (Fig. 2b),
averaging over 50 array particles without any rotational alignment gave a distinctive top-view
image of the cylindrical 20S proteasome (Fig. 2b inset). The distance between the edge of
proteasome particles and Au NPs was large enough to avoid the reciprocal interference in
subsequent image processing.

A low defocus value is preferred in retrieving high-resolution (high spatial frequency)
information in cryo-EM images to alleviate information loss at zero crossover points in the
contrast transfer function (CTF). The formation of 2D protein arrays enabled us to use close-
to-focus values, whereas high defocus values had to be used for single particles in order to
visualize the protein particles in vitreous ice (Supplementary Fig. 4). Thus, we used a series
of defocus values ranging 0.5–3 μm and 3–6 μm for array and single particles, respectively
(Supplementary Fig. 5). A series of defocus values were used during data acquisition to
compensate for the information loss in the CTF.

3.2. Effect of Au NP binding on proteasome structure
It is known that the binding of NPs might affect the structure and function of proteins depending
on the size of contact area and distribution of surface charge (Aubin-Tam and Hamad-
Schifferli, 2005; Shang et al., 2007; You et al., 2006). Whether the NP binding affects the
proteasome structure was investigated using SRCD spectroscopy (Fig. 3). There was little
difference in the mean-residue molar differential extinction coefficient over the range of 180–
300 nm for proteasomes before and after binding to Au NPs. This indicates that the binding of
Au NPs and the formation of NP-proteasome arrays appear to have little effect on the protein
secondary structure, which gives confidence that the NPs are not significantly altering the
protein structure.

3.3. Comparison of image analysis using single and array particles
Single and array protein particles were selected from corresponding cryo-EM micrographs,
respectively (Supplementary Fig. 6 and 7). Image analysis was performed on various data sets
with randomly selected 50–1000 particles. The 4-fold symmetry of NP-proteasome arrays did
not match the intrinsic 7-fold symmetry of proteasomes. The protein particles in 2D arrays,
although axially aligned into top-views, did not appear to be rotationally aligned. Therefore,
rotational alignment on individual protein particles from arrays was performed (Supplementary
Fig. 8), followed by averaging over multiple protein particles. Similarly, 2D image processing
was performed on top-view single particle images without NPs. After increasing the S/N ratio
using this procedure, the structural features of top-view images were more evident (Fig. 4a and
b). Both isolated top-view single particles and array particles showed multiple subunits around
a low density center. More detailed structural information was present in averaged images from
array particles (Fig. 4b) than single particles (Fig. 4a), such as well-defined subunits and
internal density distribution, which was further quantitatively analyzed as follows.

The resolutions of top-view images from single and array protein particles were analyzed using
the FSC = 0.5 criterion for 50, 100, 250, 500, 750, and 1000 protein particles (Fig. 4c). The
resolution from single particles increased from 35 to 23 Å when the number of protein particles
was increased from 50 to 1000. However, the resolution from array particles exhibited a higher
resolution ranging from 27 to 20 Å with the same number of protein particles. Array particles
showed a higher resolution improvement by as large as 6–8 Å even when a small number (50–
250) of protein particles was used. For instance, using 100 array particles gave a resolution of
25 Å that could only be achieved by using 500 single particles.
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Symmetry determination was evaluated using the cross correlation by rotating the averaged
image from 1000 single or array protein particles (Fig. 4d). The averaged image of single
particles exhibited an incorrect 6-fold symmetry. In contrast, that of array particles exhibited
a consistent 7-fold symmetry, which agrees with the known structure of the 20S proteasome
(Fig. 1). In addition, the values of cross correlation coefficient from array particles had a larger
difference between peaks and valleys, which gives high certainty in assessing the symmetry.
Even with 500 particles, the averaged image using array particles began to show the 7-fold
symmetry (Fig. 4b), whereas single particles did not (Fig. 4a). Using more array particles (750
and 1000) in alignment and averaging further improved the contrast of subunits while retaining
the correct symmetry information (Fig. 4b).

Because averaged images from array particles showed the 7-fold symmetry, we enforced this
symmetry on the original 1000 array particles, and calculated their averaged image. The same
process was also preformed on the original 1000 single particles even though their averaged
image did not show the 7-fold symmetry. These structures were compared with a low-pass
filtered exact top-view projection and an averaged image over low-pass filtered tilted top-view
projections of the known X-ray crystallographic 3D structure (Supplementary Fig. 9). The
images from array (Fig. 5a) and single (Fig. 5b) particles were different from the exact top-
view projection (Fig. 5c), but were more similar to the averaged image over tilted top-view
projections (Fig. 5d). There must be fewer tilted particles in array particles than in single
particles in the image analysis. Therefore, the averaged image generated from array particles
showed a triangle-shaped density distribution, indicative of more details and higher resolution
than from single particles. These results are more evident in their contoured images (Fig. 5e–
h).

4. Discussion
4.1. Formation mechanism of Au NP-proteasome arrays

We have demonstrated that Au NP-proteasome 2D arrays were formed through the interactions
between Ni-NTA ligands on Au NPs and 6x-His tags on 20S proteasomes. The binding of one
proteasome particle to four Au NPs is due to steric hindrance although there are fourteen
binding sites available on proteasome surfaces. Based on the Pauling’s rules (Pauling, 1929),
the geometry of binary particle systems is determined by the size ratio of the two particles.
Therefore, the size of Au NPs might be varied to match particular binding geometries of the
target protein (Supplementary Table 1). Here, the 6x-His tags on proteasomes and/or the Ni-
NTA ligands on Au NPs are flexible enough to relax the symmetry mismatch between them
in order to form tetragonal arrays.

4.2. Advantages of the method in image processing
The study shows evidence that the binding of Au NPs and the formation of NP-proteasome
arrays appear to have little effect on the protein structure. The well preserved SRCD spectrum
(Fig. 3) supports that the binding of Au NPs did not affect the secondary structure of the
proteasomes. The NP-proteasome distance is large enough to ensure that Au NPs do not
interfere with the proteasomes in 2D image processing (Fig. 2a inset). Finally, image analysis
of protein array particles showed the correct symmetry information (Fig. 4d) and corresponded
well to the X-ray data (Fig. 5), which suggests the proteasomes in arrays retain their native
structures, at least at the level of resolution in this study.

Owing to the high visibility of Au NPs, the protein particles in an array can be easily detected
and selected from low defocus (< 3 μm) or even close-to-focus (< 0.5 μm) cryo-EM images.
The easy recognition of Au NP arrays due to their high contrast might be used to analyze small
proteins that would otherwise be difficult or impossible to recognize as single particles in noisy
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cryo-EM images. Such low defocus values have fewer zero crossover points in the CTF, which
then gives less signal loss at given spatial frequencies. Envelope function attenuation is also
less serious at higher spatial frequencies compared to more defocused images (Saad et al.,
2001; Zhu, 1997). In addition, proteasome particles in the array are locked in a fixed axial
orientation, which is advantageous for image alignment. Because the Au NPs give such a high
contrast, a protein array that is deformed or tilted in the vitreous ice can be easily identified as
a change in lattice spacing of the NP spots. As shown in the proteasome example, higher
resolution structures could be determined with fewer particles.

The higher resolution afforded by Au NP-proteasome arrays is useful in assessing protein
molecular symmetry. The aligned and averaged images using array particles correctly showed
the 7-fold symmetry, whereas those using single particles did not, no matter how many particles
(50–1000) were used in alignment and averaging. This can be explained by the intrinsic
structural characteristic of the 20S proteasome protein (Fig. 6). The surface protrusions in the
four-layered subunits have a 10-degree deviation from the cylindrical axis (Fig. 6a and b). In
contrast to the 7-fold symmetry shown in the top-view projection from the 3D density map at
0 degree (Fig. 6c), tilting 10 degrees off its cylindrical c-axis produces a view that could
mistakenly be assigned to 6-fold symmetry (Fig. 6d). There is less angular deviation from the
cylindrical axis in NP-proteasome arrays due to the orientation restriction imposed by Au NPs,
thus avoiding this ambiguity. The top-view projection of the reconstructed 3D density map
was used to select top-view particles from randomly oriented single particles in cryo-EM
micrographs. However, due to the low S/N ratio, not all of the particles can always be correctly
selected. Some slightly tilted top-views could be placed in the data set with exact top-views,
which then leads to an error in symmetry interpretation.

4.3. Applicability of the method for 3D reconstruction
Although results demonstrating certain advantages have been obtained in the specific case of
3.9-nm Au NPs and 20S proteasomes, there are several challenges and limitations that need to
be considered to assess its use for solving the 3D structure of proteasomes and its general
usefulness for other biological macromolecules.

One approach to obtain a protein 3D structure from Au NP-protein 2D arrays is to use tilt pairs
(Radermacher et al., 1987). A limitation for Au NP-protein 2D arrays seems to be the missing
cone from tilt data, which is also a problem shared by electron crystallography of protein 2D
crystals (Henderson and Unwin, 1975). Highly ordered protein crystals, however, may alleviate
the missing cone effect, and can yield a quasi-atomic resolution even along the direction normal
to the crystal membrane (Murata et al., 2000). Because the tilt method has proven to be
successful for obtaining 3D structures from protein 2D crystals, similar results might be
possible for Au NP-protein arrays. To solve the missing cone problem, another solution is to
engineer genetic tags at different sites on proteins to assemble arrays with orthogonal or rotated
views. Although we used the central β subunits of the proteasome in this study, it would be
possible to place a 6x-His tag into the N-terminus of the outer α subunits that are located at the
top and bottom surfaces of the cylinder-shape proteasome. In this way, formation of 2D arrays
presenting side-views might be possible (Supplementary Fig. 10 and Supplementary Table 1).
Combining top-views and side-views may eliminate the missing cone problem.

Another approach to obtain a protein 3D structure from Au NP-protein arrays is to use tilt
series, i.e., tomography. A disadvantage of current cryo-EM tomography is that a higher total
dose must be given to maintain adequate S/N ratio in each image of the tilt series. This higher
dose then degrades protein structures and limits the obtainable resolution. Tomography of NP-
protein arrays may overcome the dose restriction because each image of an array in the tilt
series could be taken with a much lower dose. Tomography is typically used for irregular
samples, such as whole cells, where tomograms from different specimens can not be combined.
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In the Au NP-protein arrays, all arrays are identical and so they can be combined to overcome
the destructive dose limitation and achieve high resolution. Another advantage is that the Au
NPs are easily visible at lower doses so that tilt angles and alignment can be accurately assigned.

In acquisition of 3D data by tilt pairs or series of NP-protein arrays, large Au NPs upon tilting
could create such a high overlapped density that image analysis of proteins is hindered. This
problem may be overcome by using smaller Au NPs, such as 0.8-nm undecagold clusters (Al-
Bassam et al., 2002; Datta et al., 2005) or 1.4-nm Nanogold particles (Asturias et al., 2005;
Montesano-Roditis et al., 2001).

The requirement of protein symmetry seems to be one limitation of this method to other
biological macromolecules. Here, the 7-fold symmetry of the 20S proteasome was used to
create multiple 6x-His tag sites that favor the formation of 2D arrays. If the protein binding-
site symmetry matches the geometry of NP-protein arrays, ideal 2D crystals will be formed.
Although the protein symmetry is preferred and may expedite the formation of NP-protein
arrays, an asymmetric protein might also form 2D arrays under appropriate conditions. For
instance, genetic tags can be placed at two positions on an asymmetric protein, such as at the
C-terminus and the N-terminus. These two binding sites could lead to the formation of linear
or 2D NP-protein arrays by using multifunctional Au NPs of an appropriate size
(Supplementary Fig. 11). The Au NPs that are site-specific for cysteines or other chemical
attachment sites could also be employed.

The method of using functionalized Au NPs to assemble genetically tagged proteins into arrays
might be useful for structural analysis of small (< 300 kDa) proteins whose structure
determination is currently difficult for cryo-EM due to the low contrast and the ambiguity in
detecting and aligning single randomly oriented protein particles. If these proteins can be
formed into 2D arrays using Au NPs, identifying them just by the Au NPs would be easily
possible. Therefore, high quality and close-to-focus data could be collected. In addition, the
fixed or ordered orientation would assist the alignment and classification, and could achieve
higher resolution using fewer images.

It is not clear whether Au NPs in protein arrays would have some effect on sample charging,
a known problem with vitreous ice samples. Conductivity between metal NPs dispersed in an
insulating matrix is through electron tunneling whose rate decreases exponentially with the NP
distance (Lewis et al., 2002). This tunneling process is only significant if metal NPs come in
intimate vicinity (< 2 nm) (Xiao et al., 2003). Due to the large distance between Au NPs in
arrays shown here (> 10 nm), an effect on reducing sample charging does not seem likely,
although further tests would be needed to explore this possibility.

5. Conclusions
The cryo-EM resolution of averaged top-view images of proteasomes was improved by
assembling 6x-His tagged Mtb 20S proteasomes into 2D arrays with Ni-NTA functionalized
Au NPs. The SRCD spectroscopic study suggested that the Au NP labeling did not generate
denaturation of the protein structure. The labeling method of using Au NPs to assemble proteins
into 2D arrays by site-specific binding to genetic tag sites locks protein orientation, produces
high visibility for cryo-EM, and enables collection of close-to-focus data. Therefore, higher
resolution with fewer images and correct symmetry information of proteasomes were achieved
compared to single particle analysis. Some challenges remain in implementation of 3D
reconstruction and general usefulness for other proteins. Nevertheless, the possibility of using
Au NPs to assemble proteins into 2D arrays or crystals for 3D structural reconstruction is
intriguing.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Structure of the Mtb 20S proteasome (PDB ID: 2FHG) (Hu et al., 2006). (a) Top-view image
showing 7-fold symmetry. Arrows indicate the distribution of fourteen 6x-His tags around the
protein periphery. (b) Side-view image showing four layers. Arrows indicate the positions of
eight 6x-His tags at the C-terminus of β subunits located at the two center layers. The remaining
six 6x-His tags hidden in the background are not shown here.
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Fig. 2.
EM images of Au NP-proteasome 2D arrays. (a) Negative-stain image at low magnification
where dark dots are Au NPs and white rings are proteasomes. Inset is a close-up view image
at medium magnification showing binding geometry and efficiency. (b) Cryo-EM image at a
defocus value of 1.4 μm where white dots are Au NPs. Inset is an averaged image using 50
array particles without rotational alignment.
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Fig. 3.
SRCD spectra of proteasome proteins before and after binding to Au NPs, and their difference
spectrum. The mean-residue molar differential extinction coefficient (Δε) is represented in the
unit of M−1 cm−1.
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Fig. 4.
Comparison of image analysis results from single and array particles. (a) Averaged top-view
images of proteasomes after alignment using single particle images containing 50, 100, 250,
500, 750, and 1000 protein particles. (b) Averaged top-view images of proteasomes after
alignment using array particle images containing the same number of protein particles. (c)
Resolution of top-view images averaged over 50–1000 single and array particles. Error bars
were obtained by randomly running three different data sets. (d) Cross-correlation coefficient
vs. rotational angle for symmetry analysis of averaged top-view images over 1000 single and
array particles.
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Fig. 5.
Comparison of proteasome top-view images generated by various methods. (a) Averaged
image from 1000 array particles after 7-fold symmetry implementation. (b) Averaged image
from 1000 single particles after 7-fold symmetry implementation. (c) Top-view image
projected from X-ray crystallographic 3D structure (PDB ID: 2FHG) (Hu et al., 2006). (d)
Averaged image from tilted top-view projections simulated from 15-Å low-pass filtered X-ray
crystallographic 3D structure (Supplementary Fig. 9). (e)–(h) are their corresponding
contoured images, respectively.
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Fig. 6.
Side- and top-view of surface representation of the cryo-EM reconstructed 3D structure of 20S
proteasome with (a) 0- and (b) 10-degree tilt off the cylindrical axis, and their corresponding
top-view images projected from the 3D density map, showing (c) a distinctive 7-fold and (d)
an ambiguous 6-fold symmetry, respectively.
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