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abnormal attachments would put the oocyte at
risk of chromosome segregation errors (fig. S9),
providing at least one mechanism for the rela-
tively frequent aneuploidy of eggs, even in young
women (3, 30). Our findings may also explain
why human oocytes are more prone to aneu-
ploidy than oocytes from mice or other orga-
nisms, where the presence of MTOCs may render
spindle assembly and chromosome segregation
more efficient.
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ELECTRON MICROSCOPY

2.2 A resolution cryo-EM structure of
[3-galactosidase in complex with a
cell-permeant inhibitor

Alberto Bartesaghi,’* Alan Merk,"* Soojay Banerjee,' Doreen Matthies,' Xiongwu Wu,>
Jacqueline L. S. Milne," Sriram Subramaniamf

Cryo—electron microscopy (cryo-EM) is rapidly emerging as a powerful tool for protein
structure determination at high resolution. Here we report the structure of a complex
between Escherichia coli -galactosidase and the cell-permeant inhibitor phenylethyl
B-p-thiogalactopyranoside (PETG), determined by cryo-EM at an average resolution of

~2.2 angstroms (A). Besides the PETG ligand, we identified densities in the map for ~800 water
molecules and for magnesium and sodium ions. Although it is likely that continued
advances in detector technology may further enhance resolution, our findings demonstrate
that preparation of specimens of adequate quality and intrinsic protein flexibility, rather
than imaging or image-processing technologies, now represent the major bottlenecks to
routinely achieving resolutions close to 2 A using single-particle cryo-EM.

cosahedral viruses were the first biological

assemblies whose structures were determined

at near-atomic resolution using cryo-electron

microscopy (cryo-EM) combined with meth-

ods for image averaging (I-10). Over the past
2 years, structures for a variety of nonviral as-
semblies have been reported using cryo-EM at
resolutions between ~2.8 and ~4.5 A (11-20). Four
of these instances have been of complexes with
sizes below 1 MD: the 700-KD proteasome at
3.3 A (16) and 2.8 A resolution (17), the 465-kD
Escherichia coli B-galactosidase (B-Gal) at 3.2 A
resolution (I18), the 440-kD anthrax protective
antigen pore at 2.9 A (19), and the 300-kD TrpV1
ion channel at 3.4 A resolution (20). Because these
structures are of complexes that are dispersed in
the aqueous phase, the peripheral regions of the
proteins are less ordered and are at lower res-
olution than the more central regions; nevertheless,
most side-chain densities are clearly delineated
in the well-ordered regions of the maps. In crys-
tallographically determined structures of proteins
at resolutions of 2.3 A or better, features such as
protein-ligand hydrogen bonding;, salt bridges, and
location of key structured water molecules can be
ascertained with a high degree of confidence (21).
There is great potential for the use of cryo-EM
methods in applications such as drug discovery
and development if similar resolutions could be
achieved without crystallization. Whether there are
fundamental limitations with currently available
methods for specimen preparation, microscope
hardware, inelastic scattering from the ice layer,
inaccuracies in microscope alignment, detector
technology, data collection procedures, or image
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processing software to achieve resolutions ap-
proaching 2 A is a question that remains un-
answered in the current context of rapid advances
in the cryo-EM field (22). This is especially rel-
evant for smaller protein complexes (<1 MD) with
low symmetry, where the errors in alignment of
the projection images make the analysis more
challenging than for larger or more symmetric com-
plexes such as ribosomes and ordered viruses (23).

We recently reported the structure of E. coli
B-Gal at 3.2 A resolution (18). Comparing the
cryo-EM-derived structure with that derived from
x-ray crystallography, we identified regions such
as the periphery of the protein and crystal contact
zones where there were measurable deviations
between crystal and solution structures. To test
whether we could further improve map resolution,
we explored a range of experimental conditions
including variations in specimen preparation, imag-
ing, and steps in data processing (see supplemen-
tary materials and methods). We analyzed the
structure of B-Gal bound to phenylethyl B-p-
thiogalactopyranoside (PETG), a potent inhibitor
that blocks enzyme activity by replacing the
oxygen in the O-glycosidic bond with a sulfur
atom. Although no crystal structure is available
for the complex formed between E. coli B-Gal and
PETG, a crystal structure is available for PETG
bound to Trichoderma reesei 3-Gal (24). There
is, however, very little sequence similarity (sequence
identity of 12.8% determined by Clustal 12.1)
between the two variants, with the 7. reesei var-
iant displaying a completely different fold and
crystallizing as a monomer instead of a tetramer
(fig. S1).

Cryo-EM images recorded from plunge-frozen
specimens of the B-Gal-PETG complex and the
corresponding radially averaged power spectra
were analyzed to select images displaying signal
at high resolution (fig. S2, A to C). For each
recorded image, we also assessed the extent of
movement during the course of the ~8-s exposure
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(fig. S2D). From a data set of 1487 images that
displayed detectable signal in the power spec-
tra extending beyond 3 A and that had low
amounts of beam-induced movement during
the exposure, we extracted 93,686 molecular im-
ages using automated particle-selection pro-
cedures using a Gaussian disk as a template.
We used various combinations and subsets of
the frames collected from each region and iter-
atively evaluated their contribution to map
quality (fig. S3A). The final map, which we as-
sessed as having the highest overall map quality,
was obtained using the information in the im-
ages collected from ~12 electrons (e")/A? of each
exposure (Fig. 1A). We estimate the overall av-
erage resolution of the map to be ~2.2 A, using
both the 0.143 Fourier shell correlation (FSC)
criterion, as well as the resolution at which an
FSC obtained between the experimental cryo-
EM map and the map computed from the map-
derived cryo-EM atomic model has a value of
0.5 (fig. S3B). This was further supported by
visual inspection of map quality (movie SI).
The 2.2 A mean resolution of our map indicates
that some regions, such as at the periphery, are
at lower resolution than 2.2 A, whereas other
regions closer to the center are at higher resolu-
tion, displaying features consistent with electron
density maps from x-ray structures determined
at resolutions of ~2 A (fig. S4).

An overview of the density map for one of
the four equivalent chains in the B-Gal com-
plex and densities for regions from different
portions of the molecule are shown in Fig. 1.

Fig. 1. Cryo-EM density map of the g-Gal-PETG
complex at 2.2 A resolution. (A) Surface repre-
sentation of the density map of one of the four
protomers in the tetrameric complex. (B to D)
Visualization of selected map regions showing
delineation of secondary structural elements, amino
acid densities, and carbonyl moieties (indicated
by asterisks). The density for Phe®?” is thinned out
in the center of the aromatic ring, revealing the
presence of a “hole” in the ring, a feature typically
observed in structures determined by x-ray crys-
tallography at resolutions of ~2 A.
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The path of the polypeptide chain is well de-
lineated, enabling placement of the sequence
into the density map (Fig. 1, B to D). Exam-
ination of the map also shows clear densities
for several backbone carbonyl groups and sev-
eral ordered water molecules in the structure.
We identified 194 densities in each protomer
where we could place water molecules with con-
fidence based on the shape of the local density,
map value, and location at the right distance
range for hydrogen bonding to polar groups
in the vicinity. In the majority of instances, these
water molecules are at locations also identified
in the 1.7 A crystal structure of B-Gal (Protein
Data Bank ID 1DPO0), providing independent
validation of their assignment. Selected exam-
ples of tightly bound water molecules in the
structure are shown in Fig. 2, illustrating in-
stances where they are present in connected
chains, coordinated to multiple polar residues,
coordinated to the polypeptide backbone, or
coordinated to the Mg?* jon in the active site.
The fact that water molecules can be placed with
confidence in a structure of a 465-kD complex
determined by single-particle cryo-EM is an
exciting advance that bodes well for the use of
cryo-EM in drug-discovery applications.

The cryo-EM map includes density for PETG
in the active site (Fig. 3A). The key catalytic
residues Glu®®! (general base for acid catalysis),
coordinating to the Mg?* ion, and Glu®*’ (nucleo-
phile) are in close proximity to the ligand, with
density for a structured water molecule visible in
the binding pocket. In addition, other residues

A

that stabilize the binding of the inhibitor (Asn'?,
Asme, Met5°2, Tyrsoa’ Hiszo’ Asp598, Phe601, Val795,
and Trp®®) also show appropriate steric dispo-
sitions, as displayed in Fig. 3B. There are sub-
stantial differences in the orientation and location
of the PETG molecule in the 7. reeset enzyme
(Fig. 3C), with rotation of the benzyl moiety around
the S-C-7 single bond by almost 180° This is
perhaps not unexpected, given that there is very
little overall structural similarity between the en-
zymes from these two species (fig. S1) and the pat-
tern of residues that are involved in H-bonding
to the ligand are also different (Fig. 3, B and D).
Stereochemical parameters of the key conserved
catalytic residues (Glu*>® and Glu®®) in the T reesei
complex are different from those in the E. coli com-
plex, as are the general distribution of nonpolar res-
idues that stabilize the inhibitor in the pocket,
establishing the value of direct determination of
the actual structure of the ligand in a protein com-
plex, even when a related structure is available.
In Fig. 4, we show examples of the densities
observed for each of the 20 standard amino acids,
where the level of detail at which individual C, N,
and O atoms are observed is consistent with maps
derived from x-ray crystallography at nominal res-
olutions of ~2 A (fig. S4). However, in contrast to a
2F s — Feae map obtained by x-ray crystallography,
both phases and amplitudes of cryo-EM density
maps are derived experimentally from the images,
eliminating the need to assign phases derived from
the atomic model, as is customarily done in x-ray
crystallography. As a consequence, density contours
in cryo-EM maps are subject to inaccuracies from
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a number of resolution-lowering distortions (in-
stances of which are visible in Fig. 4A) that can
arise at various stages of data collection and pro-
cessing. Factors that can contribute to distortions
include inaccuracies in determination of the con-
trast transfer function for each image, errors in
orientation determination during refinement,
distinct patterns of radiation damage in each
of the molecular images used for reconstruc-
tion, and the changes introduced from apply-
ing a uniform temperature factor correction to
scale the map. Despite these distortions, which
appear to be random, the overall shape of the
residues can nevertheless be distinguished clear-
ly. As more structures are determined at these
higher resolutions, it is possible that there may
be enough statistical basis to study these dis-
tortions quantitatively, and perhaps exploit pat-
terns that may emerge from this analysis to
improve refinement strategies to achieve even
higher resolution.

The data collection schemes currently used in
cryo-EM with direct electron detectors enable the
use of numerous combinations in which the dose
can be fractionated during the exposure, as well as
anumber of ways in which different subsets of the
frames collected for each exposure can be com-
bined to generate a three-dimensional (3D) recon-
struction. The map we present in Figs. 1 to 4 was

obtained from a subset that excludes the very
early portion of the exposure, uses the next 12 e /A2,
and excludes the latter part of the exposure. In the
course of our studies, we analyzed many differ-
ent maps constructed by using different subsets
of the exposure. The highest-resolution features,
such as holes in the rings of the aromatic resi-
dues (Fig. 4 and fig. S4), were better resolved in
maps constructed using the interval of the expo-
sure containing the highest-resolution informa-
tion (fig. S3A).

Based on our present analysis and its compar-
ison with our earlier cryo-EM structure of -Gal
at 3.2 A resolution, we can now articulate our
best understanding of all of the changes that we
introduced that enabled us to improve the reso-
lution to ~2.2 A. Perhaps the most important is
the much more careful selection of regions where
the ice was thin enough to obtain the highest
detectable signals yet thick enough to allow a
spread of orientations (as judged by the distribu-
tion of orientations assigned to each molecular
image used to construct the final map). Second,
the use of a lower dose rate to minimize the ef-
fects of coincidence loss of the detector and the
use of a finer pixel size resulted in improved image
contrast and maximization of amplitudes at low
resolution (25), which allowed us to go to closer
to focus and still be able to correctly pick and

B Asn424

align particles. Third, we carried out 3D classifi-
cation throughout the iterative refinement cycle,
which we did not do in the case of the structure
at 3.2 A resolution. Finally, we believe that the
use of nearest-neighbor interpolation during mo-
tion correction, coupled with better-quality data,
allowed improved recovery of higher-resolution
information in the final reconstruction.

X-ray crystallographic methods have led to the
deposition of almost 95,000 atomic-resolution
protein and protein-nucleic acid structures over
the past few decades. There have been impressive
advances in speed and resolution, as well as in
the development of highly automated workflows
over the years. Relative to those of the x-ray field,
cryo-EM methods are still in an early phase of
development, with only ~30 deposited models for
coordinates derived from electron microscopic
analysis at near-atomic resolution. The recent
progress by many groups worldwide suggests
that this number will increase rapidly and will
extend to specimens that may not be easily ame-
nable to crystallization. Our demonstration here
that the structure of a ligand-protein complex
can be determined in the solution phase at
resolutions close to 2 A suggests that cryo-EM
is positioned to become an indispensable tool
in structural biology and for drug-discovery
applications.

Fig. 2. Visualization of tightly bound water molecules in the structure of the g-Gal-PETG complex. (A to F) Selected examples of densities for water
molecules (highlighted in yellow) hydrogen bonded in pearl-string—like chains (A), connected to the polypeptide backbone and multiple amino acid side chains
[(B) to (E)], or interacting with the Mg?" ion in the active site (F).
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Fig. 3. Active-site structure in PETG-liganded E. coli
B-Gal. (A) Uncorrected cryo-EM density map show- A
ing density for PETG, an associated water molecule,
and six of the amino acids that line the binding pocket.
(B) Plot of distances of various parts of PETG to res-
idues in the vicinity of B-Gal from E. coli, determined
using LIGPLOT (www.ebi.ac.uk/thornton-srv/software/
LIGPLOT/). (C) Superposition of the ligand binding
pocket structures in B-Gal from E. coli (light blue, de-
termined by cryo-EM at 2.2 A resolution) and T. reesei
(green, determined by x-ray crystallography at 1.4 A
resolution), illustrating the differences in protein and
ligand structures. (Inset) Comparison between the cor-
responding configurations of PETG. (D) Plot of dis-
tances of various parts of PETG to amino acids in the
vicinity of -Gal from T. reesei, determined using LIGPLOT.
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Fig. 4. lllustration of map quality at the level of amino acids. (A) Visualization of map density for examples of each of the 20 standard amino acids, which
are grouped into neutral (nonpolar and polar), basic, and acidic categories. (B and C) lllustration of contours of densities for multiple lle residues (B) and front,
tilted, and edge views for Tyr®>? (C). In each case, the density contours are consistent with the 2.2 A resolution we report.
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NEURODEGENERATION

CI90ORF?72 repeat expansions in mice
cause TDP-43 pathology, neuronal
loss, and behavioral deficits

Jeannie Chew,”? Tania F. Gendron,' Mercedes Prudencio,’ Hiroki Sasaguri,’
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The major genetic cause of frontotemporal dementia and amyotrophic lateral sclerosis is
a G4C, repeat expansion in C90RF72. Efforts to combat neurodegeneration associated
with “cOFTD/ALS” are hindered by a lack of animal models recapitulating disease features.
We developed a mouse model to mimic both neuropathological and clinical c9FTD/ALS
phenotypes. We expressed (G4C2)es throughout the murine central nervous system by
means of somatic brain transgenesis mediated by adeno-associated virus. Brains of
6-month-old mice contained nuclear RNA foci, inclusions of poly(Gly-Pro), poly(Gly-Ala),
and poly(Gly-Arg) dipeptide repeat proteins, as well as TDP-43 pathology. These mouse
brains also exhibited cortical neuron and cerebellar Purkinje cell loss, astrogliosis, and
decreased weight. (G4C2)es mice also developed behavioral abnormalities similar to clinical
symptoms of cOFTD/ALS patients, including hyperactivity, anxiety, antisocial behavior,

and motor deficits.

n intronic G,C, repeat expansion in the
chromosome 9 open reading frame 72
(C9ORF72) gene is the major genetic cause
of frontotemporal dementia (FTD) and
amyotrophic lateral sclerosis (ALS) (I, 2).
Although FTD and ALS are characterized, re-
spectively, by cognitive and behavioral symptoms
and by motor symptoms, there is clinical and neu-
ropathological overlap between the two diseases.
The precise mechanisms by which the COORF72
mutation contributes to “cOFTD/ALS” remain elu-
sive, but toxicity mediated by RNA bidirectionally
transcribed from the expansion [r(G4Cs)exp and

SCIENCE sciencemag.org

1(GoCy)exp] is thought to play an important role
(3-12). Repeat-containing transcripts form intra-
nuclear RNA foci believed to sequester various
RNA-binding proteins (8, 9, 11, 13-17), and they
are also susceptible to repeat-associated non-ATG
(RAN) translation resulting in the synthesis of
“c9RAN proteins” of repeating dipeptides (18-21).
Despite advances made toward elucidating cOFTD/
ALS pathogenesis, many questions remain because
of the lack of mouse models recapitulating key
disease features.

To investigate the neurotoxic effects linked to
the expanded G,C, repeat and to create a model

for testing new therapies in vivo, we sought to
generate mice that develop clinical and patholog-
ical features of cOFTD/ALS. We used an adeno-
associated viral vector to mediate robust expression
of either 2 or 66 G,C, repeats, lacking an ATG
start codon, in the central nervous system (CNS)
of mice. Six months after intracerebroventricular
(ICV) administration of AAV2/9-(G,Cs)ss (1 = 11)
or AAV2/9-(G,Cy), (n = 12) to postnatal day O
mice, which results in predominantly neuronal
transduction (22), a thorough characterization
of the mice was undertaken.

To assess whether RNA foci are formed in
(G4Cy)66 mice, we performed RNA fluorescence
in situ hybridization using a probe against r(G,C,).
As anticipated, no foci were detected in control
(G4C,), mice (Fig. 1A), but nuclear foci were de-
tected throughout the CNS of (G,Cy)s6 mice (Fig. 1,
B to E), reminiscent of those observed in cOFTD/
ALS patients (Fig. 1, F and G). Foci were present
across all layers of the cortex (Fig. 1B), in Purkinje
cells of the cerebellum (Fig. 1C), in the CAl to
CAS3 fields of the hippocampus (Fig. 1D), and
in the thalamus (table S1). Foci were also ob-
served, albeit to a lesser extent, in the ventral
horn of the spinal cord (Fig. 1E), as well as in
the hippocampal dentate gyrus, cerebellar gran-
ular and molecular layers, and the amygdala
(table S1). The number of foci-positive cells
ranged from 40 to 54% in the cortex, motor
cortex, hippocampus, and cerebellar Purkinje
layer (Fig. 1H).

To investigate RAN translation in (G4Cs)g6
mice, we first used a poly(Gly-Pro) [poly(GP)]
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Editor's Summary

Pushing the limits of electron microscopy

Recent advances in cryo—electron microscopy (cryo-EM) alow structures of large
macromol ecul es to be determined at near-atomic resolution. So far, though, resolutions approaching 2
A, where features key to drug design are revealed, remain the province of x-ray crystallography.
Bartesaghi et al. achieved aresolution of 2.2 A for a465-kD ligand-bound protein complex using
cryo-EM. The density map is detailed enough to show close to 800 water molecul es, magnesium and
sodium ions, and precise side-chain conformations. These results bring routine use of cryo-EM in
rational drug design a step closer.
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