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E
lectron microscopy has many
attractive capabilities as a tool
for experimentally visualizing
the structures of biological cells

and macromolecules. Particles can be
imaged while freely suspended in bio-
chemically ‘‘native’’ buffers, and elec-
trons can be focused to resolutions
exceeding anything that a biochemist’s
heart might desire. To be sure, biologi-
cal electron microscopy also is subject to
certain physical limitations, perhaps the
most problematic of which arise from
the fact that short-wavelength electrons
also are a form of ionizing radiation.
However, among the goals for which
technology rather than physical princi-
ples currently appears to be the limita-
tion, many regard the most desirable to
be the production of 3D density maps
that show the positions and rotamer
conformations of every amino acid by
using specimens in which the proteins
are in the form of well dispersed, single
particles. The structures of such pro-
teins would not only be free of crystal-
packing constraints, they would also be
free of the inf luences of the associated
crystallization buffers, which often
have unphysiological pH, ionic
strength, ionic composition, or water
activity. With the publication of the
structure of the icosahedral ‘‘inner cap-
sid particle’’ of a human rotavirus in
this issue of PNAS, Zhang et al. (1)
have come remarkably close to that
goal. The technological frontier now
moves to accomplishing the same results
with macromolecular complexes that are
significantly smaller than viruses and
with structures for which a high degree
of symmetry cannot be exploited to ease
the task.

Atomic Models from Electron
Micrographs of Crystals and Helices
The first protein structure to be solved
by electron microscopy at a high enough
resolution to build an atomic model of
the polypeptide chain was that of a nat-
urally crystalline membrane protein, bac-
teriorhodopsin (2). In retrospect, the
chief reason for using crystals rather
than single, dispersed molecules was to
make it easy to average the images of
�10,000 identical copies of the protein
for each independent view of the struc-
ture. This large amount of averaging
overcomes the extremely poor signal-to-
noise ratio that exists in images re-
corded with electron exposures low
enough to not destroy the sample.

Structures of additional 2D crystals then
followed, including tubulin (3), an
important cytoskeletal protein, and
aquaporin-0 (4), whose electron diffrac-
tion patterns were used to refine the
structure to a resolution of 0.19 nm.
However, electron microscopy of 2D
crystals is a technically tedious method
of structure determination because of
the frequently poor quality of the data
that are obtained when specimens are
tilted to high angles. Electron crystal-
lography (5) nevertheless remains an
important option for determining mac-
romolecular structures, especially when
the structures within 2D crystals are
uniquely relevant to the protein’s bio-
chemical function, as may often be the
case for membrane proteins (6).

The next milestone in the develop-
ment of this technology was to obtain

high-resolution density maps of helical
protein structures. This was a greater
challenge because the signal-to-noise
ratio for helices is considerably lower
than it is for 2D crystals. The weaker
signal is due in part to the fact that
there are fewer copies of the repeating
structural motif in a ‘‘1D’’ helix than in
a ‘‘2D’’ sheet. The weaker signal also is
due in part to the fact that the Fourier
transform of a helix is distributed along
‘‘layer lines’’ rather than being concen-
trated into discrete diffraction spots.
Even so, once the appropriate computa-
tional methodology was developed, elec-
tron microscopy was able to deliver
chain-trace models of the nicotinic ace-
tylcholine receptor (7) and of the bacte-
rial f lagellar filament (8).

Icosahedral Particles Were the Next
Logical Step
Obtaining a high-resolution density map
for the protein shell of an icosahedral
virus was the next logical challenge. Al-
though the basic 60-fold symmetry of an
icosahedron makes this task simpler
than that of working with particles that
have no symmetry at all, it nevertheless

requires every virus particle in the data-
set to be independently aligned to every
other particle, and, in addition, the ori-
entation of each particle must be deter-
mined relative to that of every other
particle. Bottcher et al. (9) and Conway
et al. (10) were the first to do this at a
resolution below 1 nm, sufficient to vi-
sualize separate densities for individual
�-helices within a four-helix bundle of
the capsid protein of the hepatitis B vi-
rus. Three-dimensional maps with a res-
olution better than 0.8 nm are becoming
fairly routine for icosahedral structures,
some of which even allow tracing the
position of the polypeptide backbone
within �-sheets and building a ribbon-
diagram interpretation of the structure
(11). At least a few of these structures
are sure to soon advance to a resolution
sufficient to build an atomic model into
the density. To make such significant
advances over the past decade has re-
quired the use of improved microscopes,
the development of improved algorithms
for aligning single particles (and assign-
ing their angular orientations in space),
and the fairly recent access to high-
capacity computing that is provided by
laboratory-scale ‘‘clusters.’’

Single Macromolecules Now
Seem Achievable
What then remains to be done to rou-
tinely obtain atomic models of large,
asymmetric macromolecules by electron
microscopy? To begin with, automation
of data collection (12) and data process-
ing should make it not too onerous to
include between half a million and 5
million particles in any one dataset. This
order of magnitude corresponds to the
number of copies of protein molecules
for which data have been merged when
processing images of 2D crystals, and it
is the number of protein molecules that
had to be included by Zhang et al. (1).
However, the 60-fold symmetry of an
icosahedron meant that 504,000 copies
of the asymmetric unit were contained
within images of only 8,400 virus parti-
cles, and �6.5 million copies of the cap-
sid proteins contributed to the map
when advantage was taken of the addi-
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The signal-to-noise
ratio for helices is

considerably lower than
it is for 2D crystals.
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tional 13-fold (nonicosahedral) symme-
try that is present in the architecture of
this particle. Although building a credi-
ble chain-trace proved to be possible after
enforcing just the icosahedral symmetry,
using the additional T � 13 symmetry
of this particular structure resulted in a
density map whose quality is compara-
ble with (or perhaps even better than)
that of an x-ray crystal structure of the
same particle that was obtained at a res-
olution of 0.38 nm. More than just a
brute-force scale-up of the numbers of
(asymmetric) particles may be needed,
however. The size of this virus particle,
large in comparison with most molecu-
lar machines of interest, provided a
much stronger signal—needed during
alignment and assignment of particle
orientations—than will be available in
more general cases. Scaling up the com-
putational aspects of aligning even half
a million particles, let alone 5 million,
is another technological challenge that
remains to be addressed when one at-
tempts to extend the current accom-
plishment to asymmetric structures.

It has not been necessary to average
data from so many asymmetric units in
all cases, however, nor has it always
been necessary to use such large parti-
cles to achieve accurate alignment. The
atomic model of flagellin was built into
a map obtained by averaging data from
only �40,000 copies of the protein (8).
In addition, the positions of individual
protein trimers of bacteriorhodopsin,
with a combined molecular weight of
only �75 kDa, could occasionally be
identified when an essentially noise-free
template was used to compute a cross-
correlation map (13). These achieve-
ments are well within what is estimated
to be physically possible, provided that
the signal in electron microscope images
is nearly as perfect as it is in the elec-
tron wave function that is transmitted
through a specimen or, equivalently, as
it is in the scattered wave function (14,
15). The technological challenge that is
arguably the most important of all to be
addressed at this point is to find ways to
reduce the beam-induced movement
that in most images causes the signal to
be only 10% or less of what it is in the

scattered wave, i.e., ways to make things
go really right most of the time rather
than just so rarely as to be almost anec-
dotal rather than scientific. If the signal
level would be consistently as high as
one-third rather than 1/10 of what phys-
ics would allow it to be in a perfect
image, for example, the number of
asymmetric particles needed in a high-
resolution dataset would drop from �1
million to only �100,000, and the parti-
cle-size for which the signal would still
be high enough to support accurate
alignment might drop to 100 kDa or
less. When such technology for control-
ling beam-induced movement is com-
bined with newly developing technology
for producing in-focus (Zernike-type)
phase contrast with cryoelectron micros-
copy specimens (16), one might even
realistically expect that chain-trace
structures of the type achieved by
Zhang et al. (1) could be produced for
single protein molecules as small as the
hemoglobin tetramer. To paraphrase the
poet Robert Frost (17), electron micros-
copy as a tool for molecular structure
analysis still has promises to keep and
miles to go before it can sleep.
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