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Abstract

Helices are one of the most frequently encountered symmetries in biological assemblies. Helical
symmetry has been exploited in electron microscopic studies as a limited number of filament
images, in principle, can provide all the information needed to do a three-dimensional recon-
struction of a polymer. Over the past 25 years, three-dimensional reconstructions of helical
polymers from cryo-EM images have shifted completely from Fourier—Bessel methods to single-
particle approaches. The single-particle approaches have allowed people to surmount the
problem that very few biological polymers are crystalline in order, and despite the flexibility
and heterogeneity present in most of these polymers, reaching a resolution where accurate
atomic models can be built has now become the standard. While determining the correct helical
symmetry may be very simple for something like F-actin, for many other polymers, particularly
those formed from small peptides, it can be much more challenging. This review discusses why
symmetry determination can be problematic, and why trial-and-error methods are still the best
approach. Studies of many macromolecular assemblies, such as icosahedral capsids, have usually
found that not imposing symmetry leads to a great reduction in resolution while at the same time
revealing possibly interesting asymmetric features. We show that for certain helical assemblies
asymmetric reconstructions can sometimes lead to greatly improved resolution. Further, in the
case of supercoiled flagellar filaments from bacteria and archaea, we show that the imposition of
helical symmetry can not only be wrong, but is not necessary, and obscures the mechanisms
whereby these filaments supercoil.
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Introduction

Symmetry is ubiquitous in biology, and viruses provide some of the simplest models for
understanding how multiple copies of the same protein can be assembled into large macro-
molecular assemblies. In an extremely speculative paper with little data to support their
argument, Watson and Crick suggested almost 70 years ago why all small viruses are either
rod-like or spherical (Crick and Watson, 1956): the rod-like viruses would have helical
symmetry, while the spherical ones would have a point-group symmetry, with icosahedral
symmetry being one of the three possibilities they considered. Many years of subsequent
investigations have amply confirmed this speculation, and atomic structures now exist for
hundreds of helical and icosahedral viruses. However, detailed studies of bacterial, archaeal,
and eukaryotic cells have also shown how multiple copies of the same protein can be assembled
symmetrically into shells, rings, and filaments. This review will focus on using cryo-EM to
study the filaments and tubes assembled by viruses, bacteria, archaea, and eukaryotes, under-
standing the helical symmetry present and how helical symmetry may be broken in some of
these systems. The review will also discuss some of the work being done using peptides and
other relatively small molecules that self-assemble into tubes and filaments. In all cases, the
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tremendous advances that have been made in cryo-EM over the
past 12 vyears, referred to as the ‘resolution revolution’
(Kuhlbrandt, 2014), allow for the atomic structures of these
assemblies to be readily determined. This review will most defin-
itely not attempt to summarize the ~1,800 volumes currently
deposited in the Electron Microscopy Data Bank (EMDB) that
have been reconstructed with helical symmetry, nor will it attempt
to be a complete handbook for how to process cryo-EM images of
helical structures. Rather, it will focus on a relatively few issues
and problems that arise from such polymers.

The first three-dimensional reconstruction by electron
microscopy was of a helical bacteriophage tail (DeRosier and
Klug, 1968). Many more such structures have now been solved
and at ever increasing resolutions. Some of the ‘model’ systems
that have played an important role in the general development
of cryo-EM include cytoskeletal filaments such as actin (Fujii
et al., 2010; Merino et al.,, 2018) and microtubules (Alushin
et al, 2014; Zhang et al, 2015). Of the ~1,800 cryo-EM
volumes currently deposited in the EMDB that have been
solved by helical reconstruction, the largest single-family cer-
tainly involves amyloid. It is far beyond the scope of this article
to discuss these structures or the particular methodological
problems that they pose (Lovestam and Scheres, 2022), but
several recent papers provide some overview (Garcia-Pardo
and Ventura, 2024; Mishra, 2023; Scheres et al., 2023). There
is an expanding body of literature about enzymes that self-
assemble into helical polymers, discussed and reviewed in a
number of papers (Hvorecny and Kollman 2023; Lynch et al.,
2020; Park and Horton 2019; 2020; Pillay et al., 2022). While
some of the earliest observations of filamentation by an
enzyme, such as glutamine synthetase, date from 1968
(Valentine et al., 1968), the acetyl CoA carboxylase story
followed soon after (Kleinschmidt et al., 1969). Remarkably,
it has been shown that filamentation can be used to either
repress enzymatic activity or activate it! It is quite likely that
the repertory of enzymes that polymerize will continue to
grow, as judged by a recent finding of an extracellular serine
peptidase Vpr from Bacillus forming enzymatically active fila-
ments (Cheng et al., 2023).

1/(59 A) n=-1p ——
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Helical symmetry

Helical symmetry, in crystallographic terms, is a screw symmetry
where there is a coupled rotation about the helical axis and
translation along the helical axis relating identical objects. A
helical filament or tube can have an additional rotational point
group symmetry C,, where a rotation of the structure about the
helical axis by 360°/n leaves the structure invariant. Further, there
can be a dyad axis perpendicular to the helical axis such that
rotation of the structure around this dyad axis by 180° leaves the
structure invariant. Since we are dealing in this review with
biological polymers (composed primarily of proteins and pep-
tides) where the building blocks are intrinsically asymmetric, a
filament or tube with dyadic symmetry must have an asymmetric
unit that is at least a dimer, so that the asymmetric unit itself has
dyadic symmetry. The dyadic symmetry, D;, can be combined
with a C,, point group symmetry to give a D,, symmetry in addition
to the screw symmetry. In a three-dimensional crystal, the only
screw symmetries that are possible have either 2, 3, 4 or 6 subunits
per turn allowing all subunits to be in identical environments.
Perhaps as a consequence, the screw symmetry was described in
historical papers (Cochran, 1951; Klug et al., 1958) as involving
the ratio of integers (e.g., tobacco mosaic virus was a 49/3 helix
having 49 subunits in 3 turns), but we now understand that there is
no reason for this symmetry outside of a crystal to be described or
approximated by integer ratios (Egelman, 2007, 2010).

In the absence of a point group symmetry, the description of the
helical symmetry is quite simple. There is a 1-start helix that passes
through every subunit, and the pitch of this helix is defined by the
number of subunits per turn (which is 360° divided by the rotation
per subunit) times the rise per subunit. The ‘1-start’ description
refers to the fact that a plane perpendicular to the filament axis will
only intersect this helical line once, while for a 2-start helix such a
plane will intersect these helical lines twice, a 3-start three times,
and so forth However, there will be potential ambiguities in defin-
ing this 1-start helix. For example, if we imagine that F-actin
filaments (Figure 1) have 2.16 subunits/turn along a left-handed
helix (a rotation of 166.67°), and that the rise per subunit is 27.3 A,
there will be a left-handed 1-start helix with a pitch of 59 A, but
there will also be a right-handed 1-start helix with 1.86 subunits/

«1/(27 A) n=0
«1/(51 A) n=+1

41370 A) n=+2

Figure 1. A simple example of helical symmetry provided by F-actin. (a) A ribbon model of an actin filament (PDB 6DJO). The clear periodicity of ‘crossovers’ of the two strands (the
narrow regions) have a spacing of ~370 A. (b) The power spectrum generated from a projection of the atomic model. Four layer lines are annotated with their height (the distance

from the equator) and their Bessel order.
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turn (a rotation of 193.33°) with a pitch of 51 A. The convention has
usually been to define the structure by the 1-start helix having the
rotation less than 180°, so in this case we define actin by the left-
handed 1-start helix. However, a description using the right-
handed 1-start would be just as correct.

Helical reconstruction

Helical reconstruction of filaments using cryo-EM has been thor-
oughly covered before in previous reviews and papers (Desfosses
et al., 2014; Egelman, 2010; 2024; Wang et al., 2022). The software
used to reconstruct helical filaments has changed dramatically over
the course of the years, but the scheme is basically the same after
single-particle approaches to helical reconstruction (Egelman,
2000) have supplanted Fourier-Bessel methods (DeRosier and
Klug, 1968; Klug et al., 1958). Currently, helical reconstruction
can be performed quite effectively using software packages such
as cryoSPARC (Punjani et al., 2017) and RELION (Scheres, 2012).
The basic workflow involves the initial processing of micrographs
(motion correction, CTF estimation) followed by particle picking
(now typically automated). Initial particle sorting can be done using
2D classification, which is the single-particle cryo-EM standard.
Following this, the power spectrum should be calculated from a
subset of good particles. These can be either hand-picked particles
or particles from good 2D classes in a 2D classification job. As
previously discussed (Egelman, 2024; Wang et al., 2006), the power
spectrum of an average is not the same as the averaged power
spectrum. Thus, one must take the individual segments that are
part of a class average, impose the rotations that were used to
generate the class average (the translations do not matter, as the
power spectrum is invariant under translation, generate the power
spectrum of these rotationally aligned segments, and then add them
all together). This can now be done easily in cryoSPARC. Deter-
mining the helical symmetry for a filament or tube from a power
spectrum may be problematic and is often the most difficult part of
dealing with helical structures (Egelman, 2024). There are some
polymers where the symmetry is completely unambiguous at even
relatively low resolution, so it may help the discussion to start with
such an example. The second one is much more complicated, and
there are ~50 possible solutions. Unfortunately, most real speci-
mens are likely to behave more like the second case than the first
one!

A simple case of helical symmetry determination

Figure 1a shows an atomic model of an actin filament, and Figure 1b
shows the power spectrum computed from the projection of this
filament model. Four layer lines are labeled with their height, and
the correct Bessel order is assigned. We will show that at the
extremely low resolution of ~35 A, before one would see the
n = 0 meridional, corresponding to the rise per subunit, at
1/(27 A), the symmetry is unambiguous with only three-layer lines
visible. The helical symmetry (giving the rise and rotation per
subunit) is completely determined if any two of these three-layer
lines have a Bessel order correctly assigned. The strongest layer line
isthe oneat 1/(59 A). We can measure R, the distance of the peakon
this layer line from the meridian, and it is ~0.009 A~'. We can
estimate (at low resolution) the diameter of the filament, and it is
~80 A (but the atomic model is actually ~95 A in diameter). The
argument x for a Bessel function J,(x) on a layer line will be
x = 27Rr, where r is the real space radius of an atom, and the first
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maximum for a Bessel order 1 will be when 2nRr = 1.84, while for a
Bessel order 2, the first maximum will be when 2nRr = 3.05. Using
r =40 A and R = 0.009 (observables from the image and the power
spectrum, respectively), we get an argument of 2.3. This is signifi-
cantly less than 3.05, establishing that the Bessel order on this
1/(59 A) layer line could only be either +1 or — 1. Similarly, we
canlook at the 1/(51 A) layer line and measure R = 0.0085. This also
shows that the Bessel order on the 1/(51 A) layer line could only be
+1 or —1. These two layer lines must have the opposite signs, as the
vector relating them should have a Bessel order of +2 or —2, to give
rise to the peak on the layer line at 1/(370 A). If they had the same
sign, then the Bessel order on the 1/(370 A) layer line would need to
be 0, which is clearly not the case. We are thus left with an intrinsic
ambiguity about the helical hand from this assignment of Bessel
orders, but we can easily resolve it by looking at AFM or metal-
shadowed images of actin filaments which show us that the long
pitch actin helices giving rise to the 1/(370 A) layer line are right-
handed, so we now know that there is n = —1 at 1/(59 A) and
n=+1at1/(51 A). Life would be much easier if all helical structures
led to such simple solutions.

A difficult case of helical symmetry determination

Helical structures made up of shorter peptides are particularly
challenging in terms of helical symmetry determination. Consider
the LD-tube (Figure 2) composed of the dipeptide (r,p)-2NapFF
(Sonani et al.,, 2024a). This peptide has a naphthalene moiety
attached to the N-terminus of diphenylalanine (FF), with the
second phenylalanine being in the D-isoform (Figure 2a). The
(1,D)-2NapFF peptide self-assembles to form a ~ 300 A wide, thin-
walled, hollow tube, as evidenced by cryo-EM micrographs and 2D
class averages (Figure 2b). The power spectrum of LD-tube seg-
ments reveals high-resolution features up to ~3.0 A, suggesting that
the packing of dipeptides is highly ordered. This, at first impression,
implies that determining the helical symmetry and solving the
structure might be relatively straightforward.

However, the task was more complex than it appears, as there
are approximately 50 possible helical symmetries necessitating a
testing of each. By knowing the tube’s radius (r) and the ‘R’ value
(distance of the first peak of the layer line from the meridian), one
can calculate the argument x for a Bessel function J,(x)2nRr for
layerlines 111 at 1/(21 A) and 117 at 1/(3 A) (Figure 2c). However, it is
clear that there is not a single value of r, as the walls of the tube have
a finite thickness. So putting in a range of values for r suggests that
111 could correspond to Bessel orders 27, 28, 29, 30, 31, 32, or 33. But
117 could be anything from # = 0 to n = 12. So the number of
combinations is at least 7*13 = 91, without considering the signs of
these Bessel orders. Considering the sign, such that each Bessel
order can be either positive or negative, there would be 364 possi-
bilities! We know that the absolute hand cannot be determined
from the power spectrum (Wang et al., 2022), so we do not need to
calculate, for example, both 28/7 and — 28/—7 for 111/117, as one will
simply be the mirror image of the other. We will thus assume that
the Bessel order on 111 is positive. Consequently, there are up to
182 possible helical symmetries, such as Bessel orders for 111/117
being 28/7, 28/—7, 29/7, 29/—7, and so forth. However, 116 in the
power spectrum has a peak substantially closer to the meridian than
111, and 116 will be the Bessel order on 111 subtracted from the Bessel
order on 117. For example, if 111 is 30 and 117 is 7, 116 would be —23,
while if 111 is 30 and 117 is —7, 116 would be —37. Assuming that 111 is
a positive Bessel order, then 117 must also be positive and cannot be
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Figure 2. A difficult case of helical symmetry determination. (a) Chemical structure of dipeptide, (r,0)-2NapFF. (b) Cryo-EM micrograph, and (c) average power spectrum of LD tube —
a helical polymer of (L,0)-2NapFF. (d) Power spectrum of subset of LD tube segments estimated to have a very small out-of-plane tilt of ~2°, giving rise to meridional intensity on the
layer line at 1/(3.0 A). (e) Surface of 3D reconstruction of LD tube showing 32-start helical organization. (Sonani et al., 2024a).

less than 6. This greatly reduces the number of possible solutions to
only 49, with 111 being from 27-33 and 117 being from 6-12.

Could generating a power spectrum at even higher resolution
solve the ambiguities present? If we somehow had layer lines out to
1 A (as opposed to the ~3 A we show in Figure 2c) would these
ambiguities vanish? The answer is simply no, for the reason that
out-of-plane tilt remains an unknown variable and one that we
cannot control in specimen preparation. Helical symmetry is most
simply understood when filaments are lying in the plane of projec-
tion, that is when the helical axis is perpendicular to the electron
beam. For negatively stained specimens that have been adsorbed to
a substrate, such as a carbon film, this is almost certainly the case.
However, in cryo-EM, the ice has a finite thickness, and a filament
may not be precisely in a plane perpendicular to the beam. We refer
to this as out-of-plane tilt, and it can greatly complicate the analysis
of diffraction patterns as intensities on layer lines are shifted
(Egelman, 2014).

This is illustrated by the fact that in Figure 2d a power spectrum
from a subset of tubes is shown where the layer line at 1/(3 A) has
clear meridional intensity and must be n = 0 if there were no out-
of-plane tilt. But we know that it is n = 9, and the amount of out-
of-plane tilt needed to make the n = 9 look like an n = 0 is only
about 2° for this layer line. If we had layer lines beyond the 1/(3 A)
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seen, they would be even more sensitive to out-of-plane tilt, and
thus would provide no useful information for determining the
helical symmetry.

The problem is further complicated by the fact that closely
related symmetries can have axial rises, in some cases, differing
by only a few thousandths of an A. For instance, the helical
symmetries 31/9 and 32/9, based on Bessel orders for 111/117, have
axial rises of 0.102 A and 0.0989 A, respectively. The 0.003 A
difference in axial rise between these symmetries results in very
similar helical nets (discussed below), making it challenging to
distinguish between them. In practice, this can lead to numerous
local minima during refinement, in which the alignment procedure
can get stuck.

Additionally, the absence of low-to-medium resolution features,
as observed in the power spectrum with no detectable nonequator-
ial peaks between 1/(13 A) to 1/(5 A) (Figure 2c), complicates
matters. This absence of low-resolution information, a well-known
problem for amyloid filaments, hampers iterative refinement algo-
rithms. The iterative refinement algorithm, used by programs such
as Relion and CryoSPARC, requires a reference volume at each
cycle for the alignment of the images. The starting volume, for
helical refinement, can be a simple cylinder, which gets better at
every iteration based on the low to medium-resolution features
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present in the structure. Since the LD-tube has no low-resolution
features, the iterative approach tends to get stuck in local minima. A
solution is to use an initial model. One approach for generating an
initial model involves using 2D class averages (Scheres, 2020). This
method mainly relies on the apparent crossovers in the 2D class
averages of amyloid filaments. However, since no such crossover is
visible in 2D class averages of LD tube, this method may not be
directly applicable. Alternatively, an initial model can be generated
from a small subset of unbinned segments using SPIDER, as
described in Sonani et al. (2024a), where random azimuthal angles
are assigned to these projections. Starting with such an initial model
and by extensive symmetry testing of the 49 possible symmetries,
the 3.3 A map of LD tube was achieved, revealing the 32-start helical
organization of dipeptides in the tube (Figure 2e).

Unique cases in helical symmetry
A case with mixed helical symmetries

In the context of problematic cases, helical symmetry determin-
ation for a sample exhibiting dual helical symmetries is challenging.
The contractile tail of Myoviridae bacteriophages comprises a
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Windowing to the central region

Contracted Sheath
1/23A ——— P =

central tube and surrounding sheath, both of which exhibit iden-
tical helical symmetry in their precontracted state (Hardy et al,,
2022). This symmetry is relatively straightforward to identify due to
the presence of only two prominent layer lines n =0 and n = 6 in its
power spectrum. However, during the bacteriophage life cycle, the
tail sheath undergoes contraction of up to 25% of its original length,
leading to a scenario where the tube and sheath adopt different
helical symmetries. While it has been assumed that the tube struc-
ture remains unchanged when the surrounding sheath contracts
(Leiman and Shneider, 2012), this has never been determined
experimentally until very recently (Sonani et al., 2024b), due to
the fact that in the post-contracted state there will be a superpos-
ition of two different helical symmetries.

Figure 3a shows a cryo-electron micrograph of the post-
contracted tail of myophage Milano, infecting the soil bacterium
Agrobacterium tumefaciens (Nittolo et al., 2019; Sonani et al.,
2024b). Figure 3b is the 2D class average of contracted tail seg-
ments showing the overlapping projection of tube and sheath
having different helical symmetries. Figure 3¢ shows a simulated
top view of the contracted tail, with the tube in violet and the
sheath in grey. The size of the sheath protein is nearly four times
larger than the tube protein, resulting in a sheath:tube mass ratio

Contracted Sheath

1Y23A ———p
1/53A — = =

.

Figure 3. A case with mixed helical symmetries. (a) Cryo-EM micrograph, (b) 2D-class average, (c) simulated top-view, and (d) average power spectrum of segments of
postcontracted tail of Myoviridae phage Milano. Windowing of the central part of the post-contracted tail to remove the excess signal from contracted sheath is depicted on
(e) 2D class average, and (f) simulated top view of postcontracted tail. (g) Average power spectrum of centrally windowed post-contracted tail segments showing the layer lines
corresponding to the central tube in addition to the contracted sheath. (h) 3D map (EMD-29354) of post-contracted tube reconstructed using the tube helical parameters. The tail-
tube and tail-sheath are shown in violet and grey, respectively, in (c) and (f). (Sonani et al., 2024b).
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of ~4:1 in projected images. This causes the sheath signal to
completely dominate the weak tube signal. Consequently, the
power spectrum (Figure 3d) derived from the contracted tail
segments predominantly shows layer lines arising from the
sheath. Specifically, the layer lines at ~1/(34 A) (n = 0)
and ~ 1/(17 A) (n = 6) are attributed to the sheath symmetry,
with no discernible layer lines arising from the tube symmetry.
This problem kept the post-contracted tube structure unresolved
and speculative for a long time (Fraser et al., 2021; Leiman and
Shneider, 2012).

The strategy to solve this problem involved windowing of raw
tail segments (Sonani et al., 2024b). As shown in Figure 3e, the tail
segments were tightly masked to decrease the signal from the sheath
and increase the relative contribution of the tube. As shown in the
simulated top view (Figure 3f), this cannot completely eliminate the
signal from sheath but reduces the sheath:tube mass ratio to ~2:1.
The power spectrum of these windowed segments (Figure 3g)
reveals additional layer lines at approximately 23 A and 12 A, which
correspond to the helical symmetry of the tube. Indexing these layer
lines as n = 0 and n = 6, respectively, yielded helical symmetry
parameters of 28.2° twist and 34.0 A rise. Imposing these param-
eters made possible a ~ 3.3 A reconstruction of the tube enclosed
within a contracted sheath (Figure 3h) due to the fact that the mass
of the surrounding sheath is averaged out because of its different
helical symmetry.

Bacterial flagellar filaments with outer domain multimers

Flagella are motility devices that have convergently evolved across
the three domains of life (bacteria, archaea and eukaryotes) to allow
cells to swim in solution (Beeby et al., 2020). While it has been
proposed that the archaeal flagellum should be called an ‘archae-
llum’ due to the fact that it has no homology with the bacterial
flagellum (Jarrell and Albers, 2012), we have many examples where
analogous, but nonhomologous systems in biology retain the same
name. Birds, bats, and bees have wings, but these are analogous and
do not have a common ancestry. Insects and mammals have legs,
but these appendages also have no common ancestry. We and
others (Wirth, 2012) have therefore argued that all three should
retain their classical description as flagella, even though none of the
main components of the three flagellar systems share homology.
The eukaryotic cilium is very similar to the eukaryotic flagellum,
but the term flagellum is used to describe the undulating tails of
motile cells such as sperm and protists, and these tails are not called
cilia. For example, a PubMed search for ‘sperm’ AND “flagellum’
returns 1,517 papers. Similarly, a search for ‘trypanosome’ AND
‘flagellum’ returns 182 papers. While the eukaryotic flagellum is
composed of hundreds of different components (Pazour et al.,
2005), bacterial and archaeal flagellar filaments are much simpler
and in general are mainly composed of thousands of copies of a
single protein, flagellin. Despite having no homology, bacterial and
archaeal flagellins have convergently evolved to assemble into
filaments with three-dimensional supercoils using strikingly simi-
lar mechanisms (Kreutzberger et al., 2022b). The structures of
bacterial flagellar filaments have been studied extensively since
the 1970’s (Kamiya and Asakura, 1976; Wakabayashi and Mitsui,
1970) with some papers dating back even earlier (Pijper and Abra-
ham, 1954). Until recently, almost all structural studies were done
exclusively on nonmotile mutant straight (as opposed to super-
coiled) flagellar filaments that were found to contain all left-handed
(L-type) or right-handed (R-type) protofilaments (Hyman and
Trachtenberg, 1991; Kreutzberger et al., 2020; Maki-Yonekura
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et al, 2010; Samatey et al, 2001; Wang et al., 2017; Yonekura
et al.,, 2003). There are 11 protofilaments formed by the protein
flagellin in these filaments, and in the L-type and R-type mutants all
11 protofilaments are either left-handed or right-handed, respect-
ively. In these straight mutants, helical symmetry exists such that
every flagellin molecule is in an identical environment. More
recently, there have been many structures obtained from super-
coiled flagellar filaments which retain their curvature in the rela-
tively thin ice of cryo-EM conditions (Blum et al., 2019; Fields et al.,
2024; Gibson et al., 2020; Kreutzberger et al., 2022a; Kreutzberger
et al, 2022b; Montemayor et al., 2021; Nedeljkovic et al., 2023;
Sanchez et al., 2023). However, the majority of these cryo-EM
reconstructions still imposed helical symmetry, even though it is
not strictly present in the supercoiled state. The proposed mech-
anistic basis for bacterial flagellar filament supercoiling has a long
history going back almost 50 years, based upon assumed mixtures
of L- and R-state protofilaments (Calladine, 1975; Calladine et al.,
2013; Kamiya et al., 1980; Kamiya et al., 1982). The relevance of the
L- and R-type mutants appears to have diminished, as a recent
study showed that neither of these two conformations exist in the
wildtype supercoiled structures as determined by cryo-EM
(Kreutzberger et al., 2022b). Given the long history of flagellar
filament structural biology, an entire review on just this subject
would be required to do justice to the many papers that have been
produced. This is well beyond the scope of the present review, and
we will focus on some examples of both the distinct helical sym-
metries adopted by flagellar filaments, and how this symmetry can
be broken by supercoiling.

All flagellar filaments have an overall symmetry that is
dependent on the protein domains DO and D1 found in the inner
core of every flagellar filament. If one were to obtain cryo-electron
micrographs of flagellar filaments (Figure 4a) and process them to
obtain an averaged power spectrum, many types of flagellar fila-
ments would have a power spectrum resembling the one shown in
Figure 4b. Two such examples are flagellar filaments from Bacillus
subtilis (Wang et al., 2017) (Figure 4c) and Campylobacter jejuni
(Kreutzberger et al., 2020) (Figure 4d). The most prominent layer
lines in this power spectrum are from the 1-, 5- and 6-start helices.
However, straight L- and R-type flagellar filaments may also prod-
uce a power spectrum with a clear n = 11 layer line arising from the
11-start helix (Wang et al.,, 2017). These flagellar filaments have
helical symmetry parameters that vary slightly depending on
whether the filaments are straight (L-type/R-type) or in different
supercoiled states (Normal, Curly I, Curly II, etc.) (Calladine et al.,
2013; Wang et al,, 2017). For all these symmetries, the helical rise
typically varies between about 4.4 A and 5.0 A and the twist varies
between 65.3° and 65.8°. We will refer to this as a canonical or
monomeric flagellar filament symmetry, as the asymmetric unit in
the filament contains a single flagellin molecule. Helical symmetries
can be easily plotted as helical nets, which is the unrolled surface
lattice. In Figure 4e, the helical net of a canonical flagellar filament
with a monomeric symmetry is shown.

While the B. subtilis and C. jejuni flagellar filaments have similar
helical symmetries, there are additional domains (called outer
domains) in the C. jejuni filament. The B. subtilis flagellin only
has core domains DO and D1, while the C. jejuni flagellin has
additional domains D2, D3, and D4. These domains are on the
surface of the filament and result in the C. jejuni filament having a
larger diameter than the B. subtilis one. The model system for many
earlier structural studies was the Salmonella typhimurium flagellar
filament, which contains outer domains D2 and D3. However, there
is no homology between these Salmonella outer domains and the
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Figure 4. Bacterial flagellar filaments with monomer symmetries. (a) Cryo-electron micrograph of straight mutant flagellar filaments. (b) Averaged power spectrum from flagellar
filament segments showing the canonical flagellar filament layer lines. (c) Helical reconstruction of a B. subtilis flagellar filament (left) and a single flagellin atomic model (right) built
from the density map. (d) Helical reconstruction of the Campylobacter jejuni flagellar filament (left) and a C. jejuni flagellin atomic model built from the density map (right). (e) Helical
net, or surface lattice, represents the canonical flagellar filament symmetry, also called “monomeric symmetry”. The symmetry plotted corresponds to a helical rise of 4.8 A and a

twist of 65.4°. Data from Wang et al., 2017 and Kreutzberger et al., 2020.

C. jejuni ones, but they are still given the same name solely to
indicate their position in the flagellin fold. In both, the cases of the
C. jejuni and S. typhimurium flagellar filaments, any packing inter-
actions that the outer domains make do not contribute to the
symmetry of the filament. We know this because these filaments
have the same symmetry as the B. subtilis filaments, which have
essentially no outer domain (only a very small loop region is
present). However, we will show how some flagellin outer domains
can drastically alter the overall symmetries of their respective
filaments by establishing new packing interactions on the filament
surface, although these new contacts do not alter the interactions in
domains DO and D1.
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There were numerous early studies which described flagellar
filaments with ‘perturbed’ symmetries (Cohen-Krausz and Trach-
tenberg, 1998; Kamiya et al., 1982; Trachtenberg et al., 1987;
Trachtenberg et al., 1998) due to power spectra with extra layer
lines in addition to the typical canonical ones. These additional
layer lines indicated that there was a larger asymmetric unit than a
single flagellin in these filaments, likely arising from interactions
among the outer domains that were altering the symmetry as a
whole. Recent studies using cryo-EM have found similar cases
where the overall filament symmetry is different from the canonical
one (Fields et al., 2024; Kreutzberger et al., 2022a; Wang et al.,
2017). In some flagellar filaments, the overall surface of the filament
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Figure 5. Bacterial flagellar filaments with dimeric and tetrameric symmetries. (a) Cryo-electron micrograph of supercoiled EHEC 0157:H7 flagellar filaments. (b) Averaged power
spectrum of EHEC H7 flagellar filaments shows twice the number of layer lines present when compared to a canonical flagellar filament. (c) Density map of the EHEC H7 dimer
flagellar filament. (d) Atomic models for the two flagellin conformations found in the EHEC 0157:H7 flagellar filament. Note that the core DO/D1 domains (purple) are identical, and
the outer domains are rotated by 180° between the two conformations. (e) Helical net showing the symmetry of the EHEC H7 flagellar filament. The symmetry is denoted as a
‘dimeric symmetry’ because the rise and twist are twice that of a canonical monomeric flagellar filament, and the asymmetric unit contains two flagellin molecules. The two outer
domain conformations are represented by two different colors. The asymmetric unit is denoted by the dashed box. (f) Cryo-electron micrograph of the Achromobacter flagellar
filament (red arrow), which appeared as a contaminant in a preparation from Agrobacterium tumefaciens. The yellow triangle points to an A. tumefaciens flagellar filament.
(g) Averaged power spectrum of Achromobacter flagellar filament segments. There are four times the number of layer lines present when compared to the canonical flagellar
filament. (h) Density map of the Achromobacter flagellar filament from helical reconstruction using a tetrameric symmetry (where the asymmetric unit contains four flagellin
molecules). (i) Atomic models of the four Achromobacter flagellin conformations. Note that the core domains are all identical in these four conformations. There are two ‘up’ and two
‘down’ conformations. The two distinct conformations of each ‘up’ and ‘down’ orientation differ from each other by the radius at which the outer domain extends from the core.
(j) Helical net of the Achromobacter flagellar filament. The four flagellin conformations in the tetrameric symmetry are represented by four different colors. The repeating

asymmetric unit of four flagellins is indicated by the dashed box. Data from Kreutzberger et al., 2022a.

is noticeably different, and this can be seen in raw electron micro-
graphs such as the one from E. coli O157:H7 (EHEC O157:H7)
shown in Figure 5a. The averaged power spectrum of multiple
segments of EHEC H?7 flagellar filaments shows twice the number
of layers lines as expected for a canonical flagellar filament
(Figure 5b). However, knowing that this is a flagellar filament
makes determining the symmetry much easier. Since the n = +1,
n = —5, and n = +6 layer lines occur at approximately the same
spacings for the EHEC H7 flagellar filament as they do in canonical
flagellar filaments, the simplest explanation is that the additional
layer lines arise from a larger asymmetric unit. Calculation of the
symmetry from the EHE H7 power spectrum shows a helical rise of
~9.6 A and a helical twist of ~130.8°, values that are roughly double
those of the canonical flagellar filament symmetry parameters,
showing that the asymmetric unit has doubled.

Helical reconstruction with these parameters results in a density
map with unique surface features (Figure 5¢) that atomic model
building reveals to be the result of the EHEC flagellin outer domains
having two distinct conformations that are related to each other by
a 180° rotation (Figure 5d). When these two conformations are
mapped onto a helical net with a monomeric symmetry, the overall
symmetry of the dimer flagellar filament can be clearly visualized
(Figure 5e). Such a huge conformational change (a 180° rotation of
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half of the outer domains) cannot in any way be considered a
‘perturbation’, in stark contrast with the earlier descriptions
(Trachtenberg et al., 1986). Similarly, a flagellar filament belonging
to the genus Achromobacter also has unique surface patterns
revealed in electron micrographs (Figure 5f), and analysis of their
power spectrum revealed four times the number of layer lines when
compared to a canonical flagellar filament (Figure 5g). Determin-
ation of the helical symmetry from the power spectrum resulted in a
tetrameric symmetry with a helical rise of ~19.2 A and a helical twist
of ~261.6°, values that are quadruple those of canonical flagellar
filament symmetries. Helical reconstruction using this tetrameric
symmetry resulted in a high-resolution density map with unique
surface features (Figure 5h) and subsequent model building
revealed four unique flagellin outer domain conformation
(Figure 51). Such a tetrameric symmetry can also be visualized on
a helical net plotted using the monomeric symmetry, but the
asymmetric unit now contains four flagellin molecules (Figure 5j).

Filaments with seams

The notion of breaks or ‘seams’ in helical symmetry has been
present in the field of helical assemblies for quite some time.
Perhaps the most well-known example is the seam that occurs in
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Figure 6. Cryo-EM structure of the Pseudomonas aeruginosa PAO1 flagellar filament with a dimer seam. (a) Cartoon explaining the basic concept of a seam in a filamentous
assembly. A seam is any break in the symmetry pattern in that filamentous assembly. The cartoon shown here is modeled after the seam found in microtubules. (b) Power spectrum
of the PAO1 flagellar filament showing layer lines of non-integer Bessel orders. (c) PAO1 asymmetric density map with curvature present. (d) On the left is the density map and fit of
outer domain models of three neighboring PAO1 protofilaments on the surface of the flagellar filament. There are two outer domain conformations indicated by the blue and pink
outer domain models. The models for the two flagellin conformations are shown on the right, each fit into their corresponding subunit density. (e) On the left, the surface of the
PAOL1 flagellar filament map and fit of models is shown where a distinct third conformation (gold) breaks the alternating pattern between conformations 1 and 2. This break in the
pattern is called a seam. The right image shows a single PAO1 seam subunit model (gold) fit into its corresponding density map. (f) Helical net depicting the PAO1 outer domain
conformations (pink or blue) as well as the third seam conformation (gold). The net was created showing that the core of the filament had a canonical helical symmetry with a rise of

4.8 A and a twist of 65.4°. Data from Nedeljkovic et al., 2023.

microtubules (Kikkawa et al., 1994). This break in the symmetry of
the microtubule lattice is due to a register switch along a line in the
filament where the pattern of afaf... is broken (Figure 6a). At low
resolution, o and 3 tubulin look identical, and thus, the seam would
not be seen. However, microtubule-binding proteins such as kine-
sin bind to a- and B-tubulin differently, and thus can be used to
visualize the seam at low resolution (Kikkawa et al., 1994). Seams
arising in bacterial flagellar filaments due to a pairing of subunits
have been called ‘non-helical perturbations’ (Trachtenberg et al.,
1998), as opposed to the ‘helical perturbations’ that arise from a
pairing of subunits that leave helical symmetry intact, albeit with
double the asymmetric unit. Such an example of a seam in Pseudo-
monas aeruginosa strain PAO1 was reconstructed at low resolution
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(Wang et al., 2017). While the PAO1 power spectrum in Figure 6b
suggests a dimer symmetry similar to the EPEC H7 filament,
further analysis reveals that the additional layer lines contain non-
integer Bessel orders, and that the filament cannot have a strict
dimeric helical symmetry such as found in the EPEC H7 filaments.
Recently, a scheme has been developed to asymmetrically recon-
struct bacterial flagellar filaments to reveal features such as curva-
ture and supercoiling (Kreutzberger et al., 2022b). While described
in greater detail in the sections below, this same reconstruction
methodology was used to solve the PAO1 flagellar filament struc-
ture to a reasonable resolution (Figure 6¢) (Nedeljkovic et al., 2023).
Model building and analysis revealed that 10 out of the 11 PAO1
protofilaments had a repeating pattern where the outer domains of
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each flagellin on the same protofilament alternated between two
conformations (Figure 6d). However, one protofilament did not
have such a pattern and formed the seam where all subunits on this
protofilament had the same outer domain conformation
(Figure 6¢). Such a seam can also be easily visualized using a helical
net where each point corresponds to a flagellin with the monomeric
symmetry, but the respective outer domain conformations are
indicated by the points having three different colors (Figure 6f).

Subunit multimerization in extracellular archaeal filaments

As previously noted, bacterial and archaeal flagellar filaments share
no structural homology. In fact, archaeal flagella are structural
homologues of bacterial and archaeal type 4 pili (T4P) (Faguy
et al,, 1994). All archaeal flagellar filaments that have been studied
have a symmetry with a rise of ~5.3 A and a twist of ~108°
(Kreutzberger et al, 2023). Archaeal flagellin consists of an
N-terminal a-helical domain and a C-terminal largely B-sheet globu-
lar domain (Figure Mark 4a). The C-terminal globular domains can
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vary quite a bit in size, while the N-terminal helices are all around
45 amino acids in length (give or take a few residues depending on
the species) (Kreutzberger et al., 2023). This flagellin domain organ-
ization is shown for the Methanospirillum hungatei archaeal flagellar
filament (Poweleit et al., 2016) in Figure 7a. The power spectrum for
the M. hungtai filament is shown in Figure 7b. Strikingly similar in
concept to the multimerization of bacterial flagellin outer domains,
the recent Methanocaldococcus villosus archaeal flagellar filament
structure (Gambelli et al., 2022) revealed a filament composed of
two different flagellins arranged into an asymmetric unit of 6 flagel-
lins Figure 7¢, containing three copies each of flagellins ArlB1 and
ArlB2. While this hexameric flagellar filament has a striking packing
pattern (Figure 7c), the differences between this hexameric filament’s
power spectrum (Figure 7d) and a monomeric one (Figure 7b) are
quite subtle compared to the differences observed for bacterial
flagellar filaments. The most noticeable difference between the
monomeric M. hungtai power spectrum (Figure 7b) and the hex-
americ one is the presence of a n = 0 layer line found at ~1/(33 A) in
the M. villosus power spectrum (Figure 7d). While the M. villosus

b.
et =0 at1/5.3 A
-E_f*_ z-
d.
- n=0 at1/33.4 A
-

Figure 7. Archaeal flagellar filaments with monomeric and hexameric symmetries (a) The image on the left shows a single M. hungtai archaeal flagellin. The images on the right show
the M. hungtai archaeal flagellar filaments from side and top views. (b) Power spectrum generated from the M. hungtai filament model. (c) The image on the left shows the two
M. villosus archaeal flagellins, ArlB1 and ArlB2. The right top image shows the M. villosus filament colored according to its two distinct flagellins. The image on the right bottom shows
the asymmetrical unit of the M. villosus filament consisting of six flagellins (three copies of ArlB1 and three copies of ArlB2). (d) Power spectrum generated from a model of the
M. villosus archaeal flagellar filament. The helical model was created by taking the asymmetrical unit containing six flagellins and imposing helical symmetry on them in ChimeraX

(Meng et al., 2023).
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archaeal flagellar filament contains an asymmetric unit of multiple
subunits, it is unique from currently known bacterial flagellar fila-
ment structures because its asymmetric unit contains two distinct
proteins rather than one protein that adopts multiple conformations.
More recently, two different studies have identified archaeal type IV
pili, where the asymmetric unit consists of three identical copies of a
type IV pilin that adopts three distinct outer domain conformations
(Gaines et al., 2024; Liu et al., 2024). Strikingly, in one study, the same
pilin was found to also form a type IV pilus where it only adopted a
single conformation (Liu et al., 2024).

Asymmetric reconstruction of filamentous assemblies with
pseudo-helical symmetry

While symmetry is ubiquitous in nature, deviations from perfect
symmetry often exist. For instance, icosahedral virus capsids often
display asymmetry in various regions (Jose and Hafenstein, 2022).
Although an icosahedral symmetric reconstruction technique can
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achieve markedly higher resolution, it loses crucial asymmetric
details, which are often biologically significant. Recent advance-
ments in cryo-EM have greatly enabled asymmetric reconstruc-
tions, thereby providing valuable new biological insights into viral
structures (DiNunno et al., 2020; Goetschius et al., 2021; Liu et al.,
2019).

Similarly, helical polymers exhibit clear deviations from helical
symmetry such as bending. Generally, such deviations can be
ignored in the single particle approach to helical reconstruction
by the use of short segments that are all relatively straight. This
approach provides a piece-wise linear approximation to the con-
tinuum, so a curved filament can be treated as an ensemble of
straight segments if the radius of curvature is large enough. How-
ever, curved filaments may instead be treated asymmetrically when
the radius of curvature is much smaller. Some examples of polymers
that have been reconstructed asymmetrically resulting in high-
resolution structures include F-actin (Carl et al., 2024; Reynolds
etal.,, 2022) shown in Figure 8a,b as well as the supercoiled flagellar

C

Supercoiled flagellar
polyhook
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Bacterial flagella helical
reconstruction

3D variability with cluster
output
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reconstruction

Figure 8. (a) Reconstruction of curved ADP-F-actin. (b) CryoDRGN variability analysis showing the various states of bending in ADP F-actin cryo-EM dataset. (c) Asymmetric
reconstruction of a supercoiled flagellar polyhook. (d) Cryo-EM micrograph, (e) 2D-class average, and (f) averaged power spectrum of a supercoiled E. coli K12 flagellar filament.
(g) Asymmetric reconstruction scheme for a supercoiled flagellar filament. The red dashed box indicates the good cluster which was chosen for subsequent asymmetric reconstruction.

Data from Reynolds et al., 2022, Shibata et al., 2019 and Kreutzberger et al., 2022b.
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polyhooks as shown in Figure 8c (Kato et al., 2019; Shibata et al.,
2019). In the examples described in the previous section, many of
the bacterial and archaeal flagellar filaments’ high-resolution cryo-
EM structures were solved by imposing helical symmetry on fila-
mentous assemblies that were supercoiled and thus did not have
true helical symmetry. Supercoiling means that all subunits are not
in an identical environment, with some being on the inside of a
curve and others being on the outside.

Consider the supercoiled flagellar filaments from Escherichia coli
K12. Cryo-EM images of these filaments show pronounced bending
indicative of supercoiling (Figure 8d) (Kreutzberger et al., 2022b).
The 2D class average of 415 x 415 A segments of these filaments
shows nearly undetectable bending at this scale, as shown in
Figure 8e. The average power spectrum from these raw segments,
shown in Figure 8f, features layer lines extending to high resolution
(~4.4 A), suggesting the presence of a high degree of order. This
indicates that the supercoiled flagellar filament can still be recon-
structed helically using this smaller box size. Figure 8g shows such a
helical reconstruction of a bacterial flagellar filament featuring well-
resolved secondary structures. However, all information about
supercoiling is lost in this approach as the imposition of helical
symmetry eliminates the ability to resolve small conformational
differences between subunits, such as those on the inside and outside
of the curve. To address this, an asymmetric reconstruction approach
can be employed to preserve supercoiling information, as described
by Kreutzberger et al. (Kreutzberger et al., 2022b). Using this asym-
metric approach cryo-EM maps and models of supercoiled bacterial
and archaeal flagellar filaments can be obtained (Figure 8g).

Since the reconstructions of curved filaments are essentially a
single-particle cryo-EM reconstruction problem, a variety of dif-
ferent methodologies have been used to provide a suitable starting
volume for asymmetric reconstructions. Shibata et al. achieved the
best results on their flagellar polyhooks structure when starting
with a computationally generated supercoiled volume (Shibata
et al,, 2019). For the reconstructions of bent F-actin, Reynolds
et al. used a neural network-based approach to select high curvature
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actin filaments and then generated a starting volume via ab initio
reconstruction (Reynolds et al., 2022). The continuum of actin
curvature states was then characterized using cryoDRGN variabil-
ity analysis (Zhong et al., 2021). The bacterial flagellar filament
ab initio reconstructions, in general, yielded poor results
(Kreutzberger et al., 2022b). Therefore, several different approaches
were taken to yield a curved filament structure, and one approach is
shown in Figure 8g. Here, a mask from the helical reconstruction
job as well as the individual particles can be used as inputs into a
cryoSPARC 3D variability job (Punjani and Fleet, 2021; Punjani
et al,, 2017; Punjani et al., 2020). If curvature is present in the
particles, as is the case for supercoiled bacterial flagella, then the
program can be used to generate a curved volume. As with
cryoDRGN, cryoSPARC should be able to sort out different curva-
ture states within the same dataset.

Similarly, there are instances where extreme flexibility impedes
helical reconstruction. Consider the example of the Vibrio cholerae
toxin-coregulated pilus (TCP), which appears very flexible by cryo-
EM (Figure. 9a) (Sonani et al., 2023). This flexibility is apparent in
the 2D class average generated from the 212 x 212 A size segments
(Figure 9b). The average power spectrum (Figure 9¢) from these
segments shows layer lines extending only up to ~21 A, reflecting a
lack of long-range order. Consequently, the helical reconstruction
was limited to ~6 A resolution (Figure 9d). In such cases, asym-
metric reconstruction can be beneficial (Sonani et al., 2023). This
method involves identifying subsets of segments with homoge-
neous bending through extensive 2D and 3D classifications, which
can then be used for asymmetric reconstruction with an initial low-
resolution 3D map and mask generated by the helical reconstruc-
tion. A higher resolution (~3.7 A) map of the V. cholerae TCP was
thus achieved by not imposing helical symmetry (Figure 9¢). This is
almost counter-intuitive, as traditionally, the assumption has been
that dropping symmetry will lead to a lower resolution. Similarly,
the high-resolution structure of the very flexible S. sanguinis type IV
pilus was successfully solved by asymmetric reconstruction (Anger
et al,, 2023).

Figure 9. Asymmetric reconstruction of flexible Vibrio cholerae toxin-coregulated pilus (TCP). (a) Cryo-EM micrograph, (b) 2D-class average, (c) average power spectrum, (d) helically
reconstructed cryo-EM map, and (e) asymmetrically reconstructed cryo-EM map (EMD-42279) of V. cholerae toxin coregulated pilus (Sonani et al., 2023).
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Conclusion

Advances in software (Nakane et al., 2020; Punjani and Fleet, 2021;
Punjani et al,, 2020; Schwab et al., 2024; Zhong et al., 2021) and
hardware (Sun etal., 2021; Weis and Hagen, 2020) continue to drive
the ‘revolution’ in resolution that has transformed the field of cryo-
EM. Better microscopes, better cameras, and better programs have
meant that we can do things today that would have been considered
impossible only 5 years ago. One of these things involves completely
dropping helical symmetry, which can give new insights into
everything from actomyosin force generation (Carl et al., 2024) to
the supercoiling of prokaryotic flagellar filaments (Kreutzberger
et al., 2022b).

While the simplest examples of helical symmetry in biology
involve identical subunits being in identical environments in a
filament or tube, we have provided many examples where this
clearly is not the case, such as where the same subunit can exist
in two, three, or four different conformations within the same
polymer (Gaines et al., 2024; Kreutzberger et al., 2022a; Liu et al.,
2024). The supercoiling of flagellar filaments, necessary for motility
since the rotation of a straight filament does not generate thrust,
arises from identical subunits adopting multiple conformations.
While early models for bacterial flagellar supercoiling were based
upon the notion that there were two discrete conformational states
in the flagellar filament, more recent results show that this is not the
case, and there can be 11 different states (Kreutzberger et al.,
2022b). An earlier study of the bacterial flagellar hook actually
visualized 11 different states within that assembly (Shibata et al.,
2019), providing a tantalizing suggestion that the same might be
possible for the flagellar filament.

In the case of the bacterial flagellar filament, the 11 subunit
conformations are so similar to each other that the imposition of
helical symmetry can still result in a high-resolution structures. The
same cannot be said for subunits in the flexible, but not supercoiled,
TCP pilus. While never attempted, it is almost certain that helical
reconstruction of the supercoiled flagellar polyhooks would have
yielded a far inferior structure due to the great degree of curvature
present in the reconstruction. Indeed, to achieve the best structure
possible with their data, Shibata et al. had to create a featureless
supercoiled starting volume as ab initio reconstructions yielded
artifacts. As technology continues to improve in the field, creative
solutions to cryo-EM structural determination will become simpler,
and structures that are currently thought of as impossible to solve
will become solvable.

We have not discussed the role of cryo-electron tomography
(cryo-ET) in determining the structure of helical polymers (Bharat
et al., 2012; Zhang and Mahamid, 2024). As the resolution of cryo-
ET continues to improve (Hutchings and Villa, 2024; Noble and de
Marco, 2024), it is certainly reasonable to expect that the structure
of an increasing number of helical assemblies will be solved i situ,
as opposed to current practice using purified samples. Such an
approach has already been applied to muscle fibers, with great
success (Tamborrini et al., 2023).

In some cases, these newer methodological advances for helical
structure determination should perhaps be thought of as an expan-
sion of the tools available to structural biologists rather than strictly
replacing the older methods. While software packages such as
Relion and cryoSPARC can lead to quick and efficient structural
determination of many helical filaments, not every structure is
simple. In fact, in one of the examples above (Figure 2), the legacy
software package Spider (Frank et al., 1996) proved to be more
effective in initial structural determination than these more modern
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packages. Thus, it is important to consider that sometimes older,
legacy software can still be useful.

As with many areas of science, we expect that advances in
machine learning and artificial intelligence will play a large role
in expediting the analysis of helical polymers in the future
(Egelman, 2024). As we discussed here, we currently do not have
useful metrics that can distinguish correct from incorrect symmet-
ries. The determination of the correct symmetry is usually made
because it is the only one that generates all the features that we
expect from proteins, such as secondary structure and side chains.
However given the huge and growing database of protein maps,
machines can be trained to recognize which ones are correct and
which are artifacts. So, it is reasonable to expect that the experience
currently needed to recognize a correct map from an incorrect one
will be replaced in the future by intelligent programs.
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Key Terms. Power spectrum: The intensities (the amplitudes squared) in a
Fourier transform. This discards the phase information as the Fourier transform
contains both amplitudes and phases. Since phases are discarded power spectra
from different filament segments can be simply added together without the need
for alignment. In other words, the power spectrum from a single filament is
invariant under translations of the filament.

Equator: A line in the Fourier transform (FT) or power spectrum of a helical
filament that is perpendicular to the filament axis and passes through the origin
(the center of the FT). This line corresponds to the Fourier transform of the
filament density when projected perpendicular to the filament axis, and is
related to the radial density distribution in the filament.

Meridian: A line in the Fourier transform or power spectrum of a helical
filament that is parallel to the filament axis and passes through the origin. This
line corresponds to the Fourier transform of the filament density when projected
onto a line parallel to the filament axis. The lowest resolution intensity on this
line typically corresponds to the reciprocal of the rise per subunit.

Bessel function: These are solutions of a differential equation where n is the
order of the Bessel function. For integer n (which is the case here, except when
seams appear in a structure), these functions are called the cylindrical harmonics
because they appear in the solution to Laplace’s equation in cylindrical
coordinates. It was recognized in the 1950s that the Fourier transform of a helix
can be decomposed very simply into Bessel functions of different orders n.
Layer line: Due to axial periodicities in a helical filament, diffraction from these
filaments only occurs on discrete lines, called layer lines. In the simplest case,
each layer line contains a single Bessel function of order n.
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