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Abstract

The field of three-dimensional electron microscopy began more than 45 years ago with a 

reconstruction of a helical phage tail, and helical polymers continue to be important objects for 

three-dimensional reconstruction due to the centrality of helical protein and nucleoprotein 

polymers in all aspects of biology. We are now witnessing a fundamental revolution in this area, 

made possible by direct electron detectors, which has led to near-atomic resolution for a number 

of important helical structures. Most importantly, the possibility of achieving such resolution 

routinely for a vast number of helical samples is within our reach. One of the main problems in 

helical reconstruction, ambiguities in assigning the helical symmetry, is overcome when one 

reaches a resolution where secondary structure is clearly visible. However, obstacles still exist due 

to the intrinsic variability within many helical filaments.
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Large amounts of protein in viruses, bacteria, archaea and eukaryotes exist in the form of 

helical polymers. For examples, these proteins may assemble into the capsids of filamentous 

viruses (Kendall et al., 2008; Namba et al., 1989), into flagellar filaments (Yonekura et al., 

2003) or plasmid segregation filaments (Garner et al., 2004) in bacteria, and into 

cytoskeletal filaments in archaea (Duggin et al., 2014) or eukaryotes (Alushin et al., 2014; 

Galkin et al., 2015; von der Ecken et al., 2015). While the polymerization of protein in 

eukaryotic cells into helical filaments has been understood as an important element of motile 

processes, from muscle contraction to the segregation of chromosomes, it has become clear 

only recently that polymerization of proteins into helical assemblies is also an important 

aspect of signaling, innate immunity and inflammation (Berke et al., 2012; Ferrao et al., 

2012; Lin et al., 2010; Lu et al., 2014a; Qiao et al., 2013; Wu et al., 2013; Wu et al., 2014). 

Further, proteins such as RecA in bacteria (Stasiak and DiCapua, 1982) or Rad51 in 

eukaryotes (Ogawa et al., 1993) assemble into helical nucleoprotein complexes that are 

crucial in many aspects of DNA repair using homologous recombination. While most 
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structural biology of viruses has involved icosahedral viruses, many helical viruses exist 

(Bernal and Fankuchen, 1941; Kendall et al., 2008; Namba et al., 1989; Opella et al., 1980; 

Stubbs and Kendall, 2012; Wang et al., 2006), and nucleocapsids within other non-helical 

viruses are often helical (Bakker et al., 2013; Bhella et al., 2004; Communie et al., 2013; 

Desfosses et al., 2013; Schoehn et al., 2004). Methods to determine the structure of these 

biological polymers are thus of great importance.

Unfortunately, symmetry considerations dictate that unless a polymer has exactly two, three, 

four or six subunits per turn, it cannot be packed in a crystal so that every subunit is in an 

identical environment. This has limited the utility of x-ray crystallography in solving the 

structure of protein or nucleoprotein polymers. While it has been possible in at least one 

case (Chen et al., 2008) to form a polyprotein of subunits from a helical polymer that can be 

crystallized with the polyprotein as an asymmetric unit, this does not appear to be a general 

strategy that can provide atomic structures for a large number of filaments. X-ray fiber 

diffraction has led to atomic models for several rigid rod-like helical viruses (Namba and 

Stubbs, 1986; Wang et al., 1997; Wang and Stubbs, 1994), but the technique is quite 

laborious and difficult and fails for the more common flexible filamentous viruses (Kendall 

et al., 2008). Solid-state NMR has been used for structure determination of helical polymers 

such as filamentous bacteriophage (Colnago et al., 1987; Cross and Opella, 1985; Zeri et al., 

2003) but since models are built from local interactions with no long-range constraints, they 

are not necessarily unique (Marvin et al., 2006; Straus et al., 2011; Straus et al., 2008).

Cryo-EM is ideal for helical polymers

Electron microscopy, on the other hand, is ideally suited to studying helical polymers, and 

can take advantage of the fact that in the projection of a helix many different views of 

identical subunits are provided. But until recently, only a few helical structures have been 

reconstructed at a near-atomic resolution (Ge and Zhou, 2011; Unwin, 2005; Yonekura et 

al., 2003). The symmetry inherent in helices led to the first three-dimensional reconstruction 

from electron micrographs (DeRosier and Klug, 1968), using a Fourier-Bessel formalism 

(Klug et al., 1958) which is based upon the fact that the Fourier transform of a helix can be 

readily decomposed into Bessel functions. The three-dimensional diffraction pattern of a 

helix is only non-zero on layer planes, and these become layer lines in the two-dimensional 

diffraction pattern. This formalism means that as long as only a single Bessel function is 

present on a layer line, a single image of a helix can provide all of the information needed to 

generate a three-dimensional reconstruction.

As has been extensively discussed (Egelman, 2000, 2007a, b, 2010), the limitations of the 

Fourier-Bessel approach are: 1) Filaments must be nearly crystalline, with long-range helical 

order; 2) This long-range order implies that filaments must be nearly perfectly straight; 3) 

Individual filaments must diffract strongly so that layer lines may be extracted from their 

Fourier transforms. Some biological polymers have been found which obey these three 

conditions, such as mutant flagellar filaments from Salmonella and reconstructions from 

these filaments at ∼ 4 Å allowed for building atomic models (Yonekura et al., 2003). While 

conditions (1) and (2) are quite rare but can be found, condition (3) is never met for low-

dose cryo-EM from thin weakly scattering filaments. Some of the deviations from ideal 

Egelman Page 2

Arch Biochem Biophys. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



helical symmetry (1 and 2) have been overcome with sophisticated approaches that have 

“relaxed” the traditional Fourier-Bessel methods (Beroukhim and Unwin, 1997; Unwin, 

2005) and allowed for high resolution reconstructions of tubes formed by the acetylcholine 

receptor. Methods for straightening the images of slightly curved helical filaments have been 

developed (Egelman, 1986) and applied (Owen et al., 1996) using an assumption of a 

normal mode of bending (where one has uniform compression on the inside of a bend and 

uniform extension on the outside), but the resolution where these methods fail would depend 

upon individual specimens since one is basically assuming that a protein subunit compresses 

to the same extent as a helical groove. In any case, all of these modifications and 

enhancements of classical Fourier-Bessel approaches would still fail to surmount problem 

(3).

These limitations led to an alternate method (Egelman, 2000), Iterative Helical Real Space 

Reconstruction (IHRSR), which is based upon a single-particle approach. In any real 

polymer, long-range order may not exist due to the fact that all interactions are local. Thus, 

variability in the helical parameters, such as twist (Egelman and DeRosier, 1982; Egelman et 

al., 1982), accumulate and lead to a liquid-like state in which nearest-neighbor interactions 

are relatively ordered but order deteriorates the further one is away from any given reference 

subunit. In contrast, in a crystal one has a space group that maintains long-range order. The 

accumulation of disorder can be defined quantitatively in terms of a correlation length 

(Egelman and DeRosier, 1982), just as the flexural rigidity of a polymer can be defined in 

terms of its persistence length (Landau and Lifshitz, 1980), which is a measure of how far 

the correlation in direction persists for a filament undergoing thermally-driven flexing.

While the original implementation of IHRSR (Egelman, 2000) was in SPIDER (Frank et al., 

1996), and many subsequent applications of IHRSR continue to use SPIDER, an 

implementation now exists (Behrmann et al., 2012) in SPARX (Hohn et al., 2007) and in 

RELION (Clemens et al., 2015). The IHRSR method surmounts many of the problems 

inherent in the Fourier-Bessel approach (Egelman, 2007a), but it does not solve the problem 

of intrinsic ambiguities present when attempting to reconstruct filaments at a limited 

resolution (Egelman, 2010; Egelman, 2014). A simple example is provided by Tobacco 

Mosaic Virus (TMV), which has been a model system in structural biology (Barrett et al., 

1972; Bernal and Fankuchen, 1941; Desfosses et al., 2014; Franklin and Holmes, 1956; Ge 

and Zhou, 2011; Holmes and Franklin, 1958; Holmes et al., 1972; Holmes et al., 1975; Jeng 

et al., 1989; Mandelkow and Holmes, 1974; Namba and Stubbs, 1986; Sachse et al., 2007; 

Ward et al., 2003; Zhu et al., 2001) for the simple reason that it is anomalously crystalline! 

If one has only 10 Å resolution, then the actual helical symmetry of TMV cannot be 

unambiguously determined from electron microscopic images (Egelman, 2010). One either 

needs to have prior knowledge, such as about the shape of the TMV subunit or accurate 

estimates of the mass per unit length from Scanning Transmission Electron Microscopy 

(Wall and Hainfeld, 1986), to make an informed choice about which of the possible 

symmetries is the correct one. In the published EM studies people started using the known 

symmetry of TMV determined by high-resolution x-ray fiber diffraction (Barrett et al., 

1972; Franklin and Holmes, 1956; Holmes et al., 1975), a significant piece of prior 

knowledge.
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Thus, determining the correct helical symmetry, usually based upon an analysis of power 

spectra from filaments (Egelman, 2010) is frequently the most difficult task and requires a 

thorough understanding of the Fourier-Bessel approach (Klug et al., 1958). While it might 

have been hoped that real-space methods would have surmounted the need for such 

knowledge, this has not proven to be the case. But no matter how great is one's 

understanding, intrinsic ambiguities frequently exist in symmetry determination from real 

specimens. If one has an array of atoms that are all at the same radius (Cochran, 1951) then 

indexing a helical diffraction pattern is very simple. But this is never the case for actual 

protein and nucleoprotein polymers, as subunits span a range of radial values. The 

consequence of this is that the relation between the Bessel order n on a given layer line and 

the distance of the first diffraction peak on that layer line from the meridian is not always 

simple (Fig. 1). One approach to determining helical symmetry that has been successfully 

applied (Bharat et al., 2014; Bharat et al., 2012; Briggs et al., 2009) involves tomograms of 

tubes. In this method, projection images that retain high resolution information from frozen-

hydrated tubes are recorded first, followed by tomograms from the same tubes that can be 

analyzed at lower resolution to show the helical symmetry. Tomography of negatively-

stained helical tubes (Heymann et al., 2013) was used to determine the helical hand, but as 

tubes and filaments become thinner such tomographic approaches will probably not work 

for determining helical symmetry.

Direct electron detectors solve many problems

The problem of symmetry ambiguities is completely eliminated when one has the resolution 

(perhaps better than 8 Å for α-helices and better than 5 Å for β-sheets) to see secondary 

structure. A map showing clear secondary structure must have the correct symmetry, while a 

map with the incorrect symmetry will be uninterpretable (Egelman, 2014). The difficulty, 

until very recently, has been how to get to such resolution, as most helical polymers do not 

have the order seen in such unusual filaments as TMV (Ge and Zhou, 2011) or mutant 

Salmonella flagellar filaments (Yonekura et al., 2003). Microtubules have now been 

reconstructed at ∼ 5 Å resolution in two states in a significant advance using film on a Titan 

microscope (Alushin et al., 2014). But few other polymers might reach such a resolution 

using film, and even fewer using conventional CCD cameras. The field has completely 

changed over the past two years with the introduction of direct electron detectors (Bai et al., 

2013; Bammes et al., 2012; Bartesaghi et al., 2014; Li et al., 2013; Lu et al., 2014a; Lu et al., 

2014b; Voorhees et al., 2014). I will focus in the remainder of this review on how these 

detectors have transformed cryo-EM helical reconstructions and the prospects for the near 

future. Prediction, goes an old Danish proverb, is hazardous, especially about the future. But 

given that a number of papers have recently been published on helical reconstructions with a 

near-atomic resolution using direct electron detectors, it is probably not too risky to suggest 

that such structures may soon prove to be routine, rather than exceptional.

While it might be imagined that the main benefit of the direct electron detectors is at the 

highest spatial frequencies, where the envelope function of either CCD-based detectors or 

film is lower, it appears that for helical filaments the greatest advantage of the direct 

electron detectors comes at an intermediate resolution, perhaps around 8-15 Å resolution. 

This can be seen clearly in Fig. 2, where a layer line at ∼ 1/(14 Å) is absent when using film 
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on a Tecnai F20 (Fig. 2a) but very strong when using a Falcon II direct electron detector on 

a Titan Krios (Fig. 2b, blue arrow). If one only had the images used in Fig. 2a, one would be 

immediately confronted with the issue of ambiguities in indexing the pattern. Multiple 

symmetries might be possible, but none would yield a solution where secondary structure 

could be seen and hence the correct symmetry deduced. In fact, when one imposed the 

correct helical symmetry, a resolution of ∼ 18 Å was achieved generating a rather 

featureless blob for the small 91-residue subunit. In contrast, when one used the direct 

detector's higher resolution images (see power spectra, Fig 2b) and applied the correct 

symmetry, the all α-helical structure of the small subunit is seen providing evidence that the 

correct symmetry was, in fact, used (Lu et al., 2014a).

Similarly, imaging nanotubes formed by a 29-residue designed peptide (Egelman et al., 

2015) one can see a strong layer line at 1/(9.0 Å) using a K2 direct electron detector on a 

Titan Krios (Fig. 3a) but this layer line was absent whether using a CCD camera on a Titan 

Krios or film on an F20. So without a direct electron detector the images would not even 

allow one to determine the helical symmetry of these nanotubes. But the images collected 

with the K2 allowed for building an atomic model of the structure (Fig. 3b) into the 

reconstruction that had a resolution of ∼ 3.6 Å (Egelman et al., 2015). This was in spite of 

the variable twist present in these tubes, which was overcome by simply sorting segments by 

twist and using a single subset having a similar twist in the reconstruction. Of course, this 

approach means that the more homogeneous the subset with respect to twist, the smaller it 

will be, and there will be a tradeoff between a worse signal-to-noise ratio due to the smaller 

sample and a potentially better resolution due to the greater homogeneity. So this is a classic 

optimization problem that can be best solved empirically by looking at the quality of the 

reconstruction as a function of the size of the subset.

The use of direct electron detectors over the past year has now led to a number of published 

applications to helical polymers (Clemens et al., 2015; Egelman et al., 2015; Galkin et al., 

2015; Kudryashev et al., 2015; Lu et al., 2014a; von der Ecken et al., 2015; Wu et al., 2014; 

Xu et al., 2014). Two of these (Wu et al., 2014; Xu et al., 2014) involve the filament formed 

by the MAVS (Mitochondrial Anti-Viral Signaling protein) CARD (Caspase Activation and 

Recruitment Domain), and the comparison is quite interesting. One of these (Wu et al., 

2014) is at a stated resolution of 3.6 Å while the other (Xu et al., 2014) is at a stated 

resolution of 9.6 Å, and a different helical symmetry has been applied in Xu et al. to that 

applied in Wu et al. In an extended Comment to the paper by Xu et al. Jiang argues that the 

helical symmetry is actually different in the filaments prepared by the two groups, and that 

the 3.6 Å reconstruction arises from harsh preparative procedures while their filaments 

represent a native state. The images used in Xu et al. are available, and this has allowed for 

an analysis (Egelman, 2014) showing that the filaments from both groups are consistent with 

the same symmetry, which is the one used in Wu et al., and that the different symmetry used 

in Xu et al. appears to have been mistakenly imposed due to a large degree of out-of-plane 

tilt. The analysis further shows that the reconstruction published by Xu et al. has little 

correlation with the model they built at anything better than 22 Å resolution, highlighting 

why existing resolution measures such as the Fourier Shell Correlation are not necessarily 

based upon any reality, only self-consistency (Yang et al., 2003).
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Two of the papers (Galkin et al., 2015; von der Ecken et al., 2015) involve F-actin, where 

one was from naked actin filaments at 4.7 Å resolution (Galkin et al., 2015) while the other 

was from the actin-tropomyosin complex with the actin portion at 3.7 Å resolution (von der 

Ecken et al., 2015). The idea that the thin films used in cryo-EM exert large mechanical 

forces on filaments which cause structural changes in F-actin (Galkin et al., 2012) was 

further developed in Galkin et al. (2014) and it was shown that the variability in twist in F-

actin (Egelman et al., 1982) could be modulated by the ice thickness, just as very thin ice 

reduced the subunit's structural heterogeneity (Galkin et al., 2010) present in thicker ice. A 

comparison between the two atomic models for this one state of F-actin (3J8I.PDB for the 

pure actin and 3J8A.PDB for the actin-tropomyosin complex) shows an rmsd of 1.0 Å for 

332 Cα pairs and 1.3 Å over all Cα pairs, confirming how similar the two models are.

One of the highest resolutions achieved thus far in helical reconstruction (∼ 3.2 Å) comes 

from a cryo-EM study (Kudryashev et al., 2015) of the Type Six Secretion System sheath of 

Vibrio cholerae, the organism responsible for cholera (Fig. 4). The resolution enabled an ab 

initio chain trace of ∼ 600 amino acid residues in the asymmetric unit, a heterodimer of the 

VipA and VipB proteins. A related Type Six Secretion System contractile sheath from 

Francisella tularensis (the organism responsible for tularemia) has been solved at the same 

time at a resolution of ∼ 3.7 Å (Clemens et al., 2015), giving credibility to the suggestion 

that such resolutions will become the new normal. This resolution has allowed a full chain 

trace in both structures, revealing how heterodimers are intertwined at the level of secondary 

structure. At lower resolution such insights would simply not be possible.

Conclusion

It would have been difficult for anyone to predict several years ago where we are now with 

regard to the number of helical polymers that can be reconstructed at near-atomic resolution. 

While complexes such as the ribosome can be crystallized, they may now be solved at even 

higher resolution and more readily by cryo-EM (Fischer et al., 2015). But most helical 

polymers simply cannot be crystallized, so determining the atomic structure of these 

filaments has been almost impossible in the past. That has now changed. Not only does the 

new resolution available allow for atomic models, but it provides a validation of the correct 

symmetry that has frequently been absent previously. It is indeed an exciting time to be 

working on such helical filaments given their abundance in all aspects of biology.
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• Helical protein and nucleoprotein polymers are ubiquitous in biology.

• Three-dimensional reconstruction in electron microscopy began with helices.

• Intrinsic ambiguities in helical symmetry have been more common than 

realized.

• Direct-electron detectors allow near-atomic resolution, resolving ambiguities.
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Fig. 1. 
Averaged power spectrum showing that the distance of a peak from the meridian is not 

always simply related to the Bessel order n on any given layer line. For example, the first 

maxima on the layer line labeled n=-12 is at a larger distance R from the meridian than the 

peak on the layer line labeled n=-14. For a helical structure containing an array of atoms all 

at the same radius, the distance of these peaks from the meridian is a simple function of n, 

the Bessel order on that layer line. For a real structure, which extends over a range of radial 

values, this simple relationship breaks down.
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Fig. 2. 
Power spectra from ASC PYD filaments (Lu et al., 2014a) recorded either on film using a 

Tecnai F20 microscope (A), or using a Falcon II direct electron detector on a Titan Krios 

(B). Both sets of images have been sorted based upon the pitch of the six-start helices (red 

arrows), with one twist state shown in (A), and two different twist states shown in (b). 

Although the twist is variable in the PYD filaments, the axial rise per subunit (which is 

actually three identical molecules, due to the C3 rotational symmetry in these filaments) is 

relatively fixed, and indicated by the blue arrow in (B) at ∼ 1/(14 Å). Surprisingly, this 

meridional layer line is not seen in (A) due to the much weaker modulation transfer function 

of the film on the F20 compared to the Falcon II on the Titan Krios. An atomic model can be 

built into the reconstruction (C), confirming that the correct symmetry has been used.
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Fig. 3. 
A power spectrum from a thin helical nanotube formed by a 29-residue peptide (A), and the 

reconstruction of the nanotube with an atomic model (B) (Egelman et al., 2015). The layer 

line at 1/(9.0 Å) (A, arrows) is clearly visible when using a K2 direct electron detector on a 

Titan Krios, but absent when using either film on an F20 or a CCD camera on the Titan 

Krios. Most of the large side chains can be clearly seen in the density map (B).
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Fig. 4. 
Map (mesh) and model (magenta) from the interior of the Type Six Secretion System sheath 

of Vibrio cholerae (Kudryashev et al., 2015). An α-helix is shown at the bottom, and two β-

strands forming part of a β-sheet are seen at the top. The resolution of the map (∼ 3.2 Å in 

the most ordered parts) allowed for the ab initio tracing of > 600 residues in the two chains 

that form the heterodimer of the asymmetric unit.

Egelman Page 15

Arch Biochem Biophys. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


