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Great advances have been made in electron microscopy „EM… over the past
decade, with the result that a number of protein complexes have been solved at
near-atomic resolution using EM imaging. However, only a limited number of
such complexes are expected to have the high degree of internal order needed to
achieve this type of resolution. Many other complexes and polymers will be
visualized and reconstructed by EM at an intermediate level of resolution, where
the polypeptide chain cannot be directly traced. Crystal and nuclear magnetic
resonance structures for components or subunits of these higher-order
assemblies are frequently available. One of the greatest strengths of EM
continues to be the ability to dock high-resolution structures of components
into low or intermediate resolution reconstructions of assemblies to build
pseudoatomic models for quaternary structure. This review discusses the
strengths and limitations of this approach, with particular emphasis on protein
polymers. I discuss how limitations in resolution can lead to ambiguities in
building models, and these cannot be always be resolved with available data. The
use of homology models for quaternary structure are particularly problematic,
given accumulating evidence for the divergence of quaternary structures at the
same time that tertiary structure can be conserved. [DOI: 10.2976/1.2992221]
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Most proteins exist within cells and
viruses as components of large macro-
molecular complexes. While some of
our earliest insights into protein func-
tion came from in vitro biochemical
observations of enzyme activity, these
assays were typically based upon
studying the reactions catalyzed by
very dilute solutions of soluble pro-
teins. We now understand that although
these assays are extremely useful, iso-
lated molecules acting alone on sub-
strates may not always reflect the
densely crowded environments in cells
where proteins function in many cases
as parts of larger complexes. Highly
abundant proteins in the cell, such as
actin, tubulin, collagen, and intermedi-
ate filaments, form helical filaments, so
it is easy to see how most of the protein
in a cell can exist in some multimeric or
polymeric state. I will focus in this brief

article on how very different tech-
niques in structural biology have been
successfully combined to give us many
new insights into these complexes and
polymers.

ADVANCES IN ELECTRON
MICROSCOPY
One of the most useful techniques
that we have for studying the struc-
ture of large macromolecular com-
plexes is electron microscopy (EM). It
was shown 40 years ago that two-
dimensional electron microscopic im-
ages of a protein polymer, the tail of a
bacteriophage, could be used to gener-
ate a three-dimensional reconstruction
of the assembly (DeRosier and Klug,
1968). This application gave rise to the
field of three-dimensional electron mi-
croscopy, an area that continues to
grow. While the original work on bacte-
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riophage tails was done with negatively stained samples,
the introduction of electron cryomicroscopy using rapidly
frozen, unstained, and fully hydrated specimens (Dubochet
et al., 1988) has led to many improvements in resolution.
Dramatic advances have been made in EM over the past 5 or
6 years, leading to the structure of an integral membrane
protein in its native membrane environment at 1.9 Å reso-
lution (Gonen et al., 2005), and the structures of two viral
capsids (Zhang et al., 2008; Yu et al., 2008), the bacterial
flagellar filament (Yonekura et al., 2003), and the acetylcho-
line receptor (Miyazawa et al., 2003), all at better than 4.0 Å
resolution. At this resolution the structures are said to be
“solved,” since the polypeptide chain can be traced to yield a
three-dimensional model. We can clearly expect more such
sensational results in the future due to improvements in
specimen preparation, imaging, and most importantly, com-
putational image processing. Just as the improvements in the
rate at which genomes can be sequenced parallels the ad-
vances that have been made in computer processing speed
(an exponential given by Moore’s Law for the rate of increase
in the number of transistors that can be packaged in an inte-
grated circuit), advances in the field of structure determina-
tion by EM also depend heavily upon increased computa-
tional capabilities.

MERGING TECHNIQUES
Despite the recent spectacular achievements, very high reso-
lution structures solved by EM may still be exceptional, and
in the near future most protein complexes will only be visu-
alized by EM at lower resolutions (perhaps 5–25 Å) where
the polypeptide chain cannot be traced and the three-
dimensional coordinates of every residue cannot be deter-
mined. In some cases, x-ray crystallography can be used to
determine at high resolution the structure of a very large
complex, such as the large ribosomal subunit (Ban et al.,
2000), an entire ribosome (Laurberg et al., 2008) or a RecA-
DNA filament (Chen et al., 2008). However, it will more fre-
quently be the case that high resolution structural techniques,
such as x-ray crystallography and nuclear magnetic reso-
nance (NMR) spectroscopy, will be combined with low- or
medium-resolution EM to yield “pseudoatomic” or “quasi-
atomic” models of large polymers or complexes. The
complementarity of these high- and low-resolution tech-
niques has been exceptional, and I will illustrate this by dis-
cussing a number of examples. I will also show how general
principles are emerging from some of these studies that may
provide new insights into evolutionary mechanisms, insights
that would not have been possible without the merger of very
different biophysical approaches to understanding structure.

The basic principle is very simple in theory, but as has
been said before: in theory, theory and practice are simply
related, but in practice that is frequently not the case. If high-
resolution structures can be obtained for all of the compo-
nents of a complex (in the case of a homopolymer, only the

structure of a single protomer is needed), and a low- or
medium-resolution reconstruction can be obtained for the
multimer or polymer, then the high-resolution atomic models
can be docked into the lower resolution reconstruction. This
docking may be done by “eye,” which can be more elegantly
described as a neural net that has been optimized by millions
of years of evolution. It can also be done computationally
(e.g., Topf et al., 2008), seeking to maximize some function
(such as the coefficient of correlation between the recon-
structed density and the atomic model being fit). If, and only
if, there are no conformational changes between the high-
resolution structures of the components and the same mol-
ecules within the complexes, and there are no errors in the
reconstruction (including noise), then the docking can be
done with atomic precision. In practice, it is unlikely that ei-
ther condition is ever strictly met. Readers of the scientific
literature must therefore be able to appreciate the uncertain-
ties, ambiguities, and potential errors that may result from
such attempts to build pseudoatomic models. There are many
papers that have proposed different approaches to this prob-
lem of docking or fitting high-resolution structures into low
resolution maps (Rossmann et al., 2005, 2001; Fabiola and
Chapman, 2005; Volkmann and Hanein, 2003; Birmanns and
Wriggers, 2007, 2003; Trabuco et al., 2008), but I will not
attempt to review or summarize them. Rather, I will try to
highlight some of the problems and limitations inherent in
this type of model building.

LIMITATIONS ON ACCURACY
Potential errors in coordinates have been discussed with re-
gards to x-ray crystal structures (Depristo et al., 2004;
Wlodawer et al., 2008), with the surprising conclusion that
the accuracy of such coordinates has been widely overesti-
mated (Depristo et al., 2004). One of the main sources of
errors appears to be the existence of multiple isomers within
a crystal, so that the single structure determined may be an
artefactual average over several such multiple conformers.
These atomic level uncertainties have little, if any, impact on
the topic of this review, but they do highlight a problem that
arises from structural heterogeneity and polymorphism. Out-
side of a crystal the potential for multiple states to exist is far
larger, and given that these states are not constrained to pack
into a single crystal space group, the magnitude of the differ-
ences among these states may be far greater than what can be
accommodated within a crystal. A growing body of literature
is now dealing with using computational image analysis to
detect and characterize such conformational heterogeneity in
electron micrographs of isolated macromolecular complexes
(those not packed into a polymer or crystal) (Elad et al.,
2008; Scheres et al., 2007; Fu et al., 2007; Penczek et al.,
2006b; Gao et al., 2004; Penczek et al., 2006a).

There is also a growing body of literature dealing with
structural heterogeneity within polymers. We have been de-
scribing for many years the conformational variability that
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exists within filaments of actin, called F-actin (for filamen-
tous) (Galkin et al., 2002b, 2001; Orlova and Egelman,
2000; Orlova et al., 1995; Egelman and DeRosier, 1991;
Egelman et al., 1982). While F-actin might have been
considered exceptional for having such structural plasticity,
it now appears that it may be more typical, since other fila-
ments, such as a bacterial type III secretion system polymer
(Wang et al., 2006), the bacterial ParM filament (Orlova
et al., 2007), the Rad51 recombination filament (Galkin
et al., 2006b), an archaeal pilus (Wang et al., 2008) or the
flagellar filament from Campylobacter jejuni (Galkin et al.,
2008b), display a comparable or greater degree of variability.
This heterogeneity and disorder poses great challenges for
conventional methods of three-dimensional helical recon-
struction (DeRosier and Klug, 1968), where it is necessary to
assume that a polymer has a uniform helical symmetry
which is imposed over long filaments.

As a result of the problems posed by such variable poly-
mers, we have developed a method of three-dimensional re-
construction of helical filaments that uses a “single particle”
type approach (Egelman, 2000, 2007). Due to the very poor
signal-to-noise ratio in EM images, particularly those ob-
tained from frozen-hydrated specimens, averaging of many
images is needed to produce images that can be reliably in-
terpreted. A two-dimensional crystal provides a means for
readily doing this, since every asymmetric unit in the crystal
can be simply added together to produce a very high signal-
to-noise ratio image. But most proteins or macromolecular
complexes do not form two-dimensional crystals. It was re-
alized, however, that images of single particles could be ef-
fectively averaged computationally, once the images were
aligned (Frank et al., 1981). When these single particles have
internal symmetry, such as icosahedral viruses, then a tre-
mendous increase in averaging power occurs, with the result
that the three-dimensional reconstructions can now be used
to trace the protein backbone in the most favorable cases
(Zhang et al., 2008; Yu et al., 2008). Most single particles
lack such a high degree of internal symmetry, with the result
that reconstructions are at a lower resolution. Nevertheless,
the ribosome, which lacks any internal symmetry, can now
be reconstructed at a resolution of �7 Å (Connell et al.,
2007) due to many advances, particularly in computational
image analysis. As mentioned earlier, there is a growing re-
alization that individual particles can be in different confor-
mations, and the averaging together of these different states
can limit the resolution, or yield artefactual averages. As in-
vestigators try to image and reconstruct such single particle
complexes at higher resolution, more and more attention is
being paid to sorting out conformational heterogeneity.

The single particle approach to reconstruction of helical
filaments starts by cutting electron microscopic images of
such polymers into many short segments, each of which is
treated as a single particle. By this means, many such images
can be used in a three-dimensional reconstruction once the

orientation of each segment is determined (Fig. 1). A number
of such applications have been published by other groups
(Sachse et al., 2007, 2008; Jimenez et al., 1999; Li et al.,
2002), so our approach is not unique. Since one is not forcing
a particular helical symmetry on a long filament, variations
in twist and extension do not limit resolution in the same way
that they would with traditional approaches. Further, the
ability to sort segments into different structural states also
eliminates the loss of resolution or artifacts that might result
from global averaging.

ACTIN AS AN EXAMPLE
Since the crystal structure of monomeric actin, called
G-actin (for globular) was first solved many years ago
(Kabsch et al., 1990), actin provides a perfect example of
the potential complexity in fitting a high-resolution structure
of a subunit into a low-resolution EM reconstruction of a
multimer, polymer, or macromolecular complex. Just as a ri-
bosome can exist in different conformational states (Scheres
et al., 2007), an actin filament cannot be reduced to a single
structural model. It is clear that there can be large variability
in both the twist and the tilt of subunits within the same fila-
ment (Galkin et al., 2002b; Schmid et al., 2004). It is also
unknown to what extent there are conformational changes
between the various crystal structures of G-actin and the pro-
tomer within the F-actin polymer. An initial attempt to build
a model for F-actin based upon the rigid-body docking of a
crystal structure of G-actin into a filament model, con-
strained by x-ray fiber diffraction data (Holmes et al., 1990),
suggested that the possible conformational changes might
be small. All subsequent EM studies have been in agree-
ment with this conclusion, with the exception of observa-
tions that the smallest subdomain of actin, subdomain 2

Figure 1. An electron cryomicrograph of rapidly frozen and
unstained Campylobacter flagellar filaments „a… contains
three-dimensional information, but this has been projected
onto two dimensions. Segments of these filaments �such as
shown by the red box� may be aligned to provide the different
views needed to generate a three-dimensional reconstruction
�Galkin et al., 2008b�, shown as a solid surface in �b�. The interpre-
tation of such medium- or low-resolution structures frequently re-
quires high-resolution structures of the component subunits.
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(containing �40 of the 375 residues in the protein), can be
highly variable in conformation within the filament (Orlova
and Egelman, 1993).

When actin is complexed with actin-binding proteins
(and hundreds of such proteins exist!) a new degree of
complexity emerges. Not only does one have the problem of
fitting the actin subunit into the reconstruction, but the actin-
binding protein may have even greater degrees of freedom.
For instance, one common motif present in many actin-
binding proteins is the Calponin Homology (CH) domain,
named after the protein calponin where one such motif exists
(Bramham et al., 2002; Goldsmith et al., 1997; Matsudaira,
1991). In some actin-binding proteins, such as spectrin,
dystrophin, utrophin, and �-actinin, tandem CH-domains
exist within the regions of these proteins shown to bind
F-actin. In one protein, fimbrin, four CH-domains are found
(Klein et al., 2004), and two different actin-binding inter-
faces are responsible for fimbrin crosslinking two actin fila-
ments. When the resolution is limited in reconstructions of
F-actin decorated with either these proteins, or fragments of
these proteins, great ambiguities can exist in the interpreta-
tion. That has generated a certain amount of controversy in
the literature about how these domains interact with F-actin,
and whether there is a single conserved mode of interaction
between a CH-domain and actin (Lehman et al., 2004;
Sutherland-Smith et al., 2003; Hanein et al., 1998; Galkin
et al., 2003, 2002a). The demonstration that when calponin
binds F-actin the CH-domain within calponin is never at-
tached to actin shows that there cannot be a conserved mode
of interaction between CH-domains and actin (Galkin et al.,
2006a). It also shows that the fitting of atomic models into
low-resolution reconstructions, as was done for the calponin
CH-domain (Bramham et al., 2002), is potentially problem-
atic when the resolution is insufficient to generate unambigu-
ous fits. This type of ambiguity that may be present at low
resolution led us to generate an incorrect model for the
Rad51-DNA filament (Yang et al., 2001). The ambiguities
arise for several reasons. One is that when the resolution is
limited, multiple solutions may exist that cannot be distin-
guished. While one solution may score in some way higher
than others, the confidence in such scoring must be limited
given the caveats about noise and error in the reconstructions
and conformational changes from the high resolution model
being docked. Given these examples, it would be reassuring
if the confidence in docking atomic models into low-
resolution reconstructions could be reduced to a simple for-
mula. Unfortunately, there are many factors that are in-
volved, including the asymmetry of the molecule being
docked, the quality of the reconstruction, and the extent of
conformational change between the subunit whose structure
is known and the subunit in the polymer or complex.

AMBIGUITIES DISAPPEAR AT HIGHER RESOLUTION
As resolution improves, not only do ambiguities in docking
or fitting disappear, but new insights can emerge into struc-

ture and function. A reconstruction of tobacco mosaic virus
at better than 5 Å resolution (Sachse et al., 2007) showed
significant differences at low radius with a model determined
by x-ray fiber diffraction (Namba et al., 1989; Namba and
Stubbs, 1986), and these differences may be important to
how the protein coat binds RNA and switches between as-
sembly and disassembly. A recent result obtained at lower
resolution (Fig. 2) is informative when one looks at the gen-
eral question of docking atomic structures into EM recon-
structions. A fragment of fimbrin containing two CH-
domains (CH3 and CH4) was used to decorate F-actin,
and this has been solved at �12 Å resolution using cryo-EM
and a single particle approach to helical reconstruction
(Galkin et al., 2008a). The single particle method was essen-
tial, since the heavily decorated actin filaments still had great
variability in twist, conformation, degree of binding, etc. The
resolution that was achieved meant that the individual CH-
domains could be docked into the reconstruction separately,
and the asymmetry between the two CH-domains at this res-
olution was great enough so that there was no ambiguity be-
tween which “blob” was CH3 and which was CH4 (Fig. 2).
This resolution was also high enough to see that the two CH-
domains needed to be rotated with respect to each other from

Figure 2. A three-dimensional reconstruction of the complex
between F-actin and a fragment of fimbrin, obtained from elec-
tron cryomicrographs, is shown as a gray surface „Galkin et al.,
2008a…. The resolution of this reconstruction ��12 Å� allows for
the unambiguous docking of atomic structures of actin �magenta
ribbons� and the fimbrin ABD2 �Actin Binding Domain 2, cyan rib-
bons� into the reconstruction. The resolution is also sufficient to see
that the two major domains in actin must be more closed in this
complex than they are in either the crystal structure of G-actin
�Schutt et al., 1993� or in reconstructions from naked F-actin fila-
ments �Galkin et al., 2008a�, and the ribbon model shown for actin
�magenta� has been modified in this way. Similarly, the fimbrin
ABD2, containing CH3 and CH4, has been perturbed from the crys-
tal structure �Klein et al., 2004� in this docking by a rotation of CH4
with respect to CH3.
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the conformation in which they were seen in a crystal struc-
ture (Klein et al., 2004). At lower resolution, one might have
had a complete ambiguity about which domain was CH3 and
which was CH4, as well as being forced to fit the tandem
CH-domains as a rigid body as seen in the crystal. Clearly
the interaction between CH3 and actin is very different than
between CH4 and actin, showing that the structural conser-
vation of the CH-domain cannot define its interaction with
actin. The specific mode of interaction between the two CH-
domains and F-actin is different than that either observed or
proposed for other tandem CH-domains (Hanein et al., 1998;
Galkin et al., 2002a). Since the CH-domain in the epony-
mous protein calponin never even interacts with actin
(Galkin et al., 2006a; Gimona and Mital, 1998), the presence
of a CH-domain tells us much more about the evolutionary
history of a protein than it does about the current function or
interactions of that protein. This conclusion may be depress-
ing for those who would like to reduce biology to a set of
conserved interactions among a set of structurally conserved
domains!

DIVERGENCE OF POLYMER STRUCTURE
The problem that we are discussing, how to fit high-
resolution structures into low resolution maps, is also com-
pounded by the fact that polymer structures can diverge
rather unexpectedly over the course of evolution. Several ex-
amples have recently been published that show how protein
subunits that have a relatively conserved tertiary structure
can assemble into polymers that have very different quater-
nary structures. We have known for a number of years that
bacterial homologs of actin exist, such as ParM, which is
involved in plasmid segregation (Moller-Jensen et al., 2002).
The crystal structure of ParM (van den Ent et al., 2002)
confirmed that it has largely the same fold as actin, hexo-
kinase, and HSP70 (Bork et al., 1992), supporting the notion
that all of these proteins diverged from a common ancestral
protein. Yet filaments of ParM have been shown to have the
opposite helical hand as F-actin (Orlova et al., 2007; Popp
et al., 2008), establishing that they cannot have the same
subunit-subunit contacts that exist in F-actin. One will thus
need high resolution structures of the ParM filament to begin
modeling the details of the subunit-subunit interfaces that
exist.

One of the triumphs of electron microscopy has been
the generation of a complete atomic model of the Salmonella
flagellar filament using electron cryomicrographs (Yonekura
et al., 2003). Bacterial flagellin is fairly conserved in the
coiled-coil domains responsible for the assembly of the
flagellar filament (Beatson et al., 2006), so the expecta-
tion was that all flagellar filaments would therefore have this
same architecture. The finding that Campylobacter flagellar
filaments are assembled from seven protofilaments (Galkin
et al., 2008b), rather than 11 as in Salmonella, means that
the subunit-subunit contacts in Campylobacter must be quite

different than in Salmonella, even though the tertiary struc-
tures of the protein subunits must be very similar. Due to
the rather featureless nature of the coiled-coils at low reso-
lution, the �15 Å resolution obtained in the EM recon-
struction (Galkin et al., 2008b) is actually insufficient to gen-
erate a unique model of how these subunits pack together in
the Campylobacter flagellar filaments. In contrast, much
lower resolution reconstructions of F-actin (at 20–25 Å)
can be used to uniquely orient a subunit (Egelman et al.,
1997) into a filament model. In the case of the globular heads
of myosin, the structural asymmetry is large enough that
�25 Å resolution was sufficient to provide an unambiguous
fit of crystal structures into a cryo-EM map (Woodhead
et al., 2005).

The last example regards bacterial type IV pili, which are
involved in functions ranging from motility to adhesion to
natural transformation. A cryo-EM reconstruction of the
type IV pilus from Neisseria gonorrhoeae at �12 Å reso-
lution (Fig. 3) proved sufficient to be able to generate a
model for the pilus built from a crystal structure of the sub-
unit (Craig et al., 2006). A putative type IV pilin exists in
archaea (Szabo et al., 2007), and it might be expected that it
would assemble in the same manner as the bacterial ho-

Figure 3. The type IV pilus has been reconstructed at È12 Å
resolution from electron cryomicrographs „Craig et al., 2006…
and is shown as a gray surface. This resolution provides a unique
fit for the crystal structure of the component pilin �one subunit shown
in red ribbons, while the surrounding subunits are shown in cyan�.
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molog, with hydrophobic N-terminal �-helices forming a
core. Surprisingly, the archaeal pili have a hollow lumen with
a very different packing symmetry than observed in Neis-
seria gonorrhoeae (Wang et al., 2008). The resolution of the
reconstruction ��15 Å� is simply too low to begin building
any reasonable homology model for both the subunit and the
packing in the pilus.

IN SUMMARY
The existence of high resolution structures of protein sub-
units, determined by x-ray crystallography or NMR spectros-
copy, combined with low resolution EM reconstructions of
complexes or polymers, has given us a huge opportunity to
merge techniques and develop “pseudoatomic models” of
the higher-order structures. Our own work in this area has
revealed an unexpected degree of polymorphism and vari-
ability in the way that polymers are assembled. A general
conclusion that emerges from these observations is that con-
servation of tertiary structure in proteins is much stronger
than any conservation of quaternary structure. Large
changes in sequence can take place with relatively small
changes in tertiary structure, exemplified by actin-like pro-
teins where a common fold can exist with unrecognizable se-
quence identity among many members of this superfamily
(Bork et al., 1992). On the other hand, single amino acid
changes can lead to large changes in quaternary structure,
such as in the sickle-cell hemoglobin pathology (Eaton and
Hofrichter, 1990). Polymers formed by proteins with similar
folds, actin and ParM, can be very different (Orlova et al.,
2007; Popp et al., 2008), so that an atomic model of one such
polymer does not necessarily lead to an atomic model for the
other. Electron microscopic studies have revealed this diver-
gence of quaternary structure, but the ultimate interpretation
of these results may likely require high resolution structures
of subunit-subunit interfaces (Chen et al., 2008), biochemi-
cal probes, mutational analysis, and spectroscopy. Thus, the
challenge of correctly fitting atomic structures of subunits
into the lower resolution EM reconstructions of the higher
order complexes or polymers that they form is exacerbated
by the dynamics and conformational heterogeneity that can
exist within these complexes.
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