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Post-Gif K2 Falcon II
Voltage (kV) 300 300

Imaging mode EFTEM Nanoprobe

Pixel size (Å) 1.13 1.06
Dose rate (e 7 50

Total dose (e-/Å2) 43 43

Exposure time (s) 4.4 1.0

Frames 22 16
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TMV structure at < 3.3 Å resolution
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The FSC values at 5 Å of each single-frame 
3D reconstruction correlate well with the 
average motion speed (Fig. 3c).

3D reconstruction of an archaeal 20S proteasome
To obtain the best reconstruction of the T. acidophilum 20S pro-
teasome, we corrected beam-induced motions using 3 × 3 sub-
regions of 2,048 pixels × 2,048 pixels each and then refined the 
3D reconstruction using a frequency-limited refinement proce-
dure29 (Supplementary Fig. 6a and Online Methods). We further 
excluded the first two subframes (deteriorated by fast motion) 
and last ten subframes (deteriorated by radiation damage) from 
our calculation of the final 3D reconstruction. Our final 3D 
reconstruction had a nominal resolution of 3.3 Å (Fig. 3a) and 
was based on a total dose of ~17.5 electrons per Å2, although the 
full dose of 35 electrons per Å2 was used for particle refinement. 
This nominal resolution was confirmed by the gold-standard 
FSC29 (Supplementary Fig. 6b). This 3D reconstruction, its FSC 
curve and the rotational average of its Fourier power spectrum 
were noticeably better than those calculated from all subframes 
and using the entire subframe for motion correction (Fig. 3 and 
Supplementary Fig. 4c). Although the difference in amplitude 
between the red and blue curves (that is, reconstructions cal-
culated with uncorrected versus optimally corrected subframes; 
Fig. 3b) is not well represented by a single exponential falloff  
(B factor), the equivalent B-factor improvement ranges from 
~100 Å2 at a resolution of 10 Å to ~50 Å2 at 5 Å. In the 3D density 
map (Fig. 5a–c), the C  main chain can be traced unambigu-
ously, and most side chain densities are well resolved, validating 
the nominal resolution estimated from the FSC curve (Fig. 3a). 
The atomic structure including most of side chains of the 20S 
proteasome fits well into the final 3D density map, except for a 
small reverse turn loop of three residues in the -subunit (Met22, 
Glu23 and Asn24). These residues have much higher temperature 
factors in the 3.4-Å crystal structure and can be remodeled to fit 
nicely into the density map (Supplementary Fig. 7). The overall 
quality of the cryo-EM 3D density map is similar to that of a 
3.4-Å 2Fo – Fc map from the crystal structure (Fig. 5d,e). The 
nominal resolution, as well as the overall quality of the density 
map, is similar to that of several recently obtained reconstruc-
tions of much larger icosahedral viruses having much higher 
internal symmetry2.

DISCUSSION
Here we show that the combination of a single-electron counting 
detector and a motion-correction algorithm make high-resolution 
structures obtainable by cryo-EM for smaller and lower-symmetry 
samples than had been previously possible. Our 3.3-Å structure 
of the T. acidophilum 20S proteasome (Fig. 5c) is comparable 
in resolution and map quality to the crystal structure (3.4 Å,  
Fig. 5e), strongly indicating the power of single-particle cryo-EM 
for detailed structural biology.

We showed that an electron-counting camera is superior to both 
photographic film and linear types of digital cameras. Its benefits 
derive from improved DQE at high resolution (demonstrated by 
the ~3-Å Thon rings; Fig. 2) and excellent DQE at low resolution 
(allowing small proteins to be imaged at the relatively low defo-
cuses favorable for high resolution). In this study, images of the 
20S proteasome showed excellent contrast even when recorded at 
a defocus of ~1 m at 300 kV (Supplementary Fig. 1). Obtaining 
such contrast in images recorded under similar conditions was 
impossible when using either photographic film27 or a scintilla-
tor-based CCD camera30.

The other critical advantage of an electron-counting camera 
is the combination of essentially noiseless imaging and a high-
output frame rate. Together these enable optimal collection and 
alignment of dose-fractionated data without the information 
loss inherent to any charge-accumulating camera. This not only 
provides a means for motion correction but also enables a better 
understanding and treatment of beam-induced motion, which is 
one of the most challenging physical problems in cryo-EM13–15. 
Without correction, the vast majority of images were deteriorated 
by beam-induced motions, and only a small fraction (~1%) could 
be characterized as close to perfect. Motion correction improved 
the quality of almost all images (Supplementary Fig. 3), and 
Thon rings from a large number of corrected images could be 
seen at close to 3 Å (Fig. 2), which is comparable to or better 
than the image quality of icosahedral virus samples recorded on 
photographic film2. Ideally, beam-induced motion should be cor-
rected at the individual particle level during refinement of the 3D 
reconstruction, as demonstrated recently21. However, even using 
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Figure 5 | Final 3D reconstruction of the  
T. acidophilum archaeal 20S proteasome.  
(a) 3D density map of 20S proteasome filtered 
to a resolution of 3.3 Å. (b) Two different views 
of asymmetrical - and -subunits segmented 
from the 3D density map in a. The main chain 
can be traced throughout the entire map.  
(c) Two -helices segmented from the - and  
-subunits showing clear density for the 

majority of side chains. (d) Portion of the 
cryo-EM density map showing clear side-chain 
densities. The docked atomic structure was 
refined to fit the density map by a molecular 
dynamic flexible fitting procedure. (e) The 
same portion of a 2Fo – Fc map of 3.4-Å crystal 
structure calculated using the atomic structure 
(PDB: 1PMA).

representations of the density map and show that Glu and Asp
residues display, on average, ∼30% and ∼29% less density than
the similarly sized neutral Gln and Asn residues, respectively.
Further, we find that the pattern of preference for radiation
damage is independent of the solvent exposure of the residues
(Fig. 5C).
It has been proposed that a possible origin of the weaker

densities for Glu and Asp residues is that the differences be-
tween X-ray and electron scattering factors result in a lower
signal at medium resolutions from negatively charged, deproto-
nated carboxylate moieties (26). An alternative, more likely
reason is that Glu and Asp side chains are more sensitive to
damage that occurs with electron irradiation (27–30). Selective
sensitivity of negatively charged residues such as Glu and Asp,
and disulfide bonds (of which there are none in the E. coli
β-galactosidase), has also been observed for structures determined
by X-ray crystallography (31–33). To evaluate this possibility, we
compared the density maps reconstructed from different fractions
of the total exposure (10, 20, or 30 e−/Å2), taking advantage of the
dose-fractionation capabilities of current direct detector tech-
nology (Fig. 6). This comparison reveals that there is a systematic
loss of the side-chain density for Glu and Asp residues with in-
creasing dose, and that this loss is not observed for positively
charged or neutral residues in the same degree (selected examples
are shown in Fig. 6). The preferential sensitivity of Asp and Glu
residues to electron irradiation is also presented quantitatively
in Fig. S12, which shows that increasing the dose from 10 e−/Å2 to
45 e−/Å2 results in an ∼twofold increase in preferential damage of
Asp and Glu residues compared with Asn and Gln residues, re-
spectively. The trends we observe for preferential radiation
damage of Asp and Glu residues can also be demonstrated by
similar analysis of map value variations in a recently reported

cryo-EM density map for Frh (10), an unrelated protein, at
a resolution of 3.36 Å (Fig. S12A).
In principle, there is no reason why the success in achieving

near-atomic resolution structures for the proteasome at 3.3 Å (11),
mammalian TPRV1 channel with regions at 3.4 Å (12), and now
β-galactosidase at 3.2-Å resolution, cannot be extended to other
proteins of similar, or even smaller size. One likely prerequisite
for this approach to be applied successfully is that the protein
sample is structurally homogenous even in the absence of
stabilization provided by a crystal lattice. NMR spectroscopic
studies of proteins suggest that most proteins dispersed in
aqueous solution will not be uniformly ordered in all regions of
the polypeptide, and are likely to be more ordered at their core
and less ordered at the periphery, where there may be greater
contact with the solvent. This type of variability does not nec-
essarily preclude structure determination by cryo-EM, but simply
results in a gradient in resolution from the center to the pe-
riphery of the molecule, as seen in the case of the density map of
the TRPV1 channel, where the resolution declines from 3.4 Å at
the center to lower values on the periphery, preventing the vi-
sualization of side-chain densities (12). Nevertheless, the pres-
ence of this type of gradient in resolution may be informative in
its own and could identify regions of the protein that are more
flexible than others. Additionally, the use of Fab fragments,
interacting proteins, or small molecule ligands to stabilize con-
formations could help in some instances to stabilize the confor-
mation to enable cryo-EM analyses (34, 35). Further, as methods
for image processing and 3D classification continue to evolve (36–
38), single-particle cryo-EM analyses can be expected to routinely
yield not just a single averaged structure, but an ensemble of con-
formations present in solution (39), thus complementing higher
resolution structural studies of specific, stabilized conformations by
X-ray crystallography.
The methods used to prepare cryo-EM specimens and obtain

raw electron micrographs are also likely to have a significant
impact on the quality of the final map(s) obtained. Dispersion
of protein complexes in a layer of ice as thin as possible, to

Fig. 5. Variation in observed side-chain densities between different types
of residues. (A) Densities observed for a set of Arg, Lys, and His residues
(shown in stick representation). (B) Comparison of densities observed for
a set of Gln and Glu residues, as well as Asp residues to indicate preferential
loss of density for the negatively charged side chains in comparison with the
similarly sized, but neutral side chains. (C) Plot of normalized averaged map
values (as detailed in Fig. S12), shown for each residue type when only
buried residues are considered (hatched bars) or when all residues including
buried and exposed varieties are considered (filled bars). Buried residues are
defined as those where <30% of their maximum possible surface area is
exposed to solvent.

Fig. 6. Differential dose-dependent radiation damage. Side-chain densities
for selected Glu and Asp residues are shown to illustrate the effects of ra-
diation damage by comparison of maps obtained with progressively higher
total electron doses. Density maps were derived by using the first 8, 16, or 24
frames (Top, Middle, and Bottom), corresponding to 10, 20, or 30 e−/Å2 total
dose, respectively. In comparison with Arg and Leu side chains (illustrated
using Arg-52 and Leu-7 as examples), Glu and Asp side chains (illustrated by
using Glu-67, Glu-243, and Asp-96) are much more sensitive to radiation
damage showing increased loss of density (26%, 22%, and 10% for Glu-67,
Glu-243, and Asp-96, respectively) with an increase in dose from 10 to 30 e−/Å2

(see also Fig. S12 for a quantitative analysis of residue-specific radiation damage
at different dose levels).
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data set to a third data set collected similarly, but after exposing
the crystal to the unattenuated beam, shows clear peaks in the
sequential Fourier difference map, indicating significant reduc-
tion in electron density of both S! atoms in the third data set as
compared with the second (Fig. 4C).

Discussion and Conclusions
The design and construction of increasingly brilliant x-ray
sources have brought us to a point at which the number of
photons a crystal can absorb before its crystalline diffraction
disappears is reached rather fast, even at cryogenic tempera-
tures. This finding is in agreement with predictions made by
Gonzalez and Nave (3), which were based on extrapolation of
radiation damage occurring during experiments at a second-
generation source making use of a polychromatic beam. In the
series of data sets collected on a single crystal of TcAChE at the
undulator beamline, ID14-EH4, of the third-generation synchro-
tron source at the European Synchrotron Radiation Facility, the
resolution decreased from 2.0 Å for the first to 3.0 Å for the ninth
consecutive data set. The observed decay is not unexpected,
because our calculations show that the dose of energy absorbed
per data set for TcAChE was of the order of 107 G!, i.e., similar
to the value of 2 ! 107 G! that Henderson (25) calculated to be
required to totally eradicate crystalline diffraction of proteins.
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Fig. 2. Sequential Fourier maps showing the time course of structural changes in the Cys-402–Cys-521 disulfide bond in TcAChE. Data collection and refinement
were as in Fig. 1. (a) 3Fo-2Fc maps, contoured at 1.5 ". (b) Fo-Fc maps, contoured at 3 ".

Fig. 3. Histogram showing the increase in B factors for the side chains of the
different types of amino acid in TcAChE as a consequence of synchrotron
irradiation. The horizontal line indicates the mean increase in side-chain B
factors. The numbers along the x-axis show the number of occurrences of each
type of amino acid in TcAChE. The individual bars show the average increase
in B factor for each type of amino acid for the second data set (B), as compared
with the first data set (A), namely (B factorB " B factorA)!B factorA. Data in this
figure, as well as values for increases in B factors mentioned in the text, are
derived from models in which the six S! atoms of cysteine residues participat-
ing in intrachain disulfide linkages were included in the refinement.
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