doi:10.1016/j.,jmb.2012.05.031 J. Mol. Biol. (2012) 422, 274281

Contents lists available at www.sciencedirect.com

Journal of Molecular Biology

ELSEVIER

journal homepage: http://ees.elsevier.com.jmb

Filaments from Ignicoccus hospitalis Show Diversity
of Packing in Proteins Containing N-Terminal Type IV
Pilin Helices

Xiong Yu', Charles Goforth ', Carolin Meyer?, Reinhard Rachel?,
Reinhard Wirth?, Gunnar F. Schroder® and Edward H. Egelman '*

1Department of Biochemistry and Molecular Genetics, University of Virginia, Box 800733, Charlottesville,
VA 22908-0733, USA

*Department of Microbiology, Archaea Center, University of Regensburg, D-93053 Regensburg, Germany
*Institute of Complex Systems (ICS-6), Forschungszentrum Jiilich, 52425 Jiilich, Germany

Received 26 March 2012;
received in revised form
4 May 2012;

accepted 21 May 2012
Available online

30 May 2012

Bacterial motility is driven by the rotation of flagellar filaments that
supercoil. The supercoiling involves the switching of coiled-coil protofila-
ments between two different states. In archaea, the flagellar filaments
responsible for motility are formed by proteins with distinct homology in
their N-terminal portion to bacterial Type IV pilins. The bacterial pilins have
a single N-terminal hydrophobic a-helix, not the coiled coil found in
flagellin. We have used electron cryo-microscopy to study the adhesion
filaments from the archaeon Ignicoccus hospitalis. While I. hospitalis is non-
motile, these filaments make transitions between rigid stretches and curved
regions and appear morphologically similar to true archaeal flagellar
filaments. A resolution of ~7.5 A allows us to unambiguously build a model
for the packing of these N-terminal a-helices, and this packing is different
from several bacterial Type IV pili whose structure has been analyzed by
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archaea electron microscopy and modeling. Our results show that the mechanism
responsible for the supercoiling of bacterial flagellar filaments cannot apply
to archaeal filaments.
© 2012 Elsevier Ltd. All rights reserved.
Introduction ideal helical polymer, every subunit must be in an

equivalent environment, and this generates a
straight filament. However, straight filaments gen-
erate no thrust when rotating, and mutant
flagellins®>® have been found to form such ideal
straight filaments with a resulting non-motile
phenotype. For a supercoiled filament, subunits on
the inside of the supercoil are in a different

Bacterial motility has been a fascinating topic for
many reasons. One question has been how a
homopolymer, assembled from the protein ﬂagellm
can form helical filaments that supercoil." For an
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environment than subunits on the outside, but this
creates a problem since all subunits are chemically
identical. The resolution of this problem"** in-
volved a model for the flagella filament being
composed of protofilaments that could discretely
switch between two different states, one slightly
longer in length than the other. The longer proto-
filaments would be found on the outside of the
supercoil, while the shorter protofilaments would be

0022-2836/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
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found on the inside,'° and the number of protofila-
ments in each state would determine the supercoil
waveform. Detailed experimental studies by both X-
ray fiber diffraction and electron cryo-microscopy
(cryo-EM) have provided beautiful confirmation of
this idea''"* with models for both states of the
protofilament at near-atomic resolution.

The protofilaments, 11 in the case of Salmonella
and a number of other bacteria, but only 7 for
Campylobacter,” are formed by intrasubunit coiled
coils involving the N- and C-terminal portions of
flagellin.'>'*'” However, it has now become clear
that archaeal flagellar filaments are formed not by
homologs of bacterial flagellin but rather by proteins
with distinct homology in their N-terminal portion
to bacterial Type IV pilins.'®** All Type IV pilins are
characterized by a conserved single N-terminal -
helix formed almost entirely from hydrophobic
residues.”*® These pilins all have a signal sequence
at the N-terminus that becomes cleaved and is not
present in the mature pilin and have globular
domains that are highly divergent, even among
related species.””*® The argument for homology
between the archaeal flagellins and the bacterial
Type IV pilins is supported by the similarity of the
unusual signal sequences that are present in the
preproteins and the homology of the signal pepti-
dases in bacteria and archaea that cleave this signal
sequence.”*? Bacterial Type IV pilins assemble
into pili that are involved in many activities,
including adhesion and motility.*

Since archaeal flagellar filaments supercoil, as do
the bacterial ones, a fascinating question is whether
the mechanism of supercoiling is similar between
the two. Existing structural studies of archaeal
flagellar filaments® > lack the resolution needed
to see whether coiled coils might exist in these
polymers and whether there are constituent proto-
filaments. We have used cryo-EM to study the
Tho670 adhesion filaments® from the archaeon
Ignicoccus hospitalis. This organism is non-motile;
hence, these flagellar-like filaments that extend from
the cell appear to be mainly involved in adhesion.
Like bacterial Type IV pilins, Iho670 contains a short
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Fig. 1. A ClustalW alignment®*

signal peptide at the N-terminus that is cleaved and
not found in the mature protein. Inspection of the
processed Tho670 N-terminal sequence (Fig. 1)
shows that residues 4-25 are all hydrophobic. A
comparison of the N-terminal amino acids with
several bacterial Type IV pilins and an archaeal
flagellar filament protein (Fig. 1) shows the strong
conservation of these hydrophobic residues. Con-
sistent with the globular D2/D3 domains in
bacterial flagellin® and the globular domains in
bacterial Type IV pili* that are all hyper-variable,
the remainder of the Iho670 sequence shows no
sequence conservation with other proteins.

Results

The Tho670 filaments were initially examined by
transmission electron microscopy (TEM) of nega-
tively stained specimens both while attached to cells
(Fig. 2a) and after being sheared off the cells
(Fig. 2b). Intact cells (Fig. 2a) of I hospitalis were
grown directly on carbon-coated gold grids, and the
fibers were previously identified as being composed
of Tho670.>** Due to the high number of fibers
present, it was often impossible to say which fiber
belonged to which cell. Many filaments appeared to
be quite rigid over distances of ~20 um. On the other
hand, regions were seen (Fig. 2a, black arrows)
where the filaments had a sinusoidal curvature. The
sinusoidal paths were not all identical in amplitude
and period. These characteristic curves were fre-
quently found when two fibers crossed each other
but could also be found in isolated fibers. In
addition, regions where the fibers looped about
themselves were found (Fig. 2a, white arrows),
completely inconsistent with the rigid appearance of
these fibers in other areas. Similar images were
obtained looking at many grids. These fibers were
never exposed to any isolation procedure and were
actually grown on the electron microscopy (EM)
grids to reduce the chance of preparative artifacts;
thus, we think that these observations represent the
native characteristics of these filaments.

of the N-termini of four bacterial Type IV pilins (Pseudomonas aeruginosa PilA from

strain PAK; Neisseria gonorrhoeae PilE; Klebsiella oxytoca PulG; Vibrio cholera TcpA) with two archaeal flagellar proteins
(Halobacterium salinarum FlgB2; Thermoplasma acidophilum FlaB) and the Tho670 protein from Ignicoccus hospitalis. The color
code represents hydrophobicity, with red being the most hydrophobic and blue being hydrophilic.
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Fig. 2. Images of negatively stained (a and b) and unstained frozen/hydrated (c) [ho670 filaments. In (a), cells were
grown on carbon-coated EM grids to avoid any mechanical damage to the filaments due to shear, transfer to the grids, and
so forth. The black arrows point to regions where the filaments adopt a characteristic curved shape, which is frequently
seen when one filament crosses over another one. The white arrows point to regions of what appear to be anomalous
flexibility, where these normally rigid filaments can form tight loops. In (b), the filaments were sheared off the cells and
concentrated. The black arrows (b) point to regions where the filaments undergo a bend of ~180°. In (c), the boxes that
have been placed around the filaments are 250 A (200 px) in width. The scale bar in (a) represents 2 um.

When the filaments were sheared off the cells and
examined by negative-stain EM (Fig. 2b), they also
appeared to behave anomalously. That is, they were
inconsistent with the appearance of filaments
having a uniform flexural riéidity whose curvature
is driven by thermal forces.”” Most of the filaments
appeared quite rigid over long distances, but some
(Fig. 2b, arrows) showed a characteristic curvature
responsible for reversing the direction of the
filament.

Electron cryo-microscopy

We used cryo-EM of unstained frozen/hydrated
Iho670 for further image analysis (Fig. 2c). A total of
17 micrographs were used after eliminating those
with any astigmatism, drift, or aggregation of the
filaments. The defocus range was from 1.7 to 3.4 um.
A power spectrum (Fig. 3) calculated from the cryo-
EM segments shows more than seven layer lines.
Given that the one at ~1/(17.9 A) could only be
either n=+1 or n=-1, the indexing of this pattern
was relatively unambiguous, particularly since the
two strongest layer lines (labeled n=7, n=-3 in
Fig. 3) were of odd Bessel order based upon phase
relations in Fourier transforms of EM images of
negatively stained filaments. This contrasts with
other helical specimens where substantial ambl u-
ities may exist in the indexing of such patterns.””*’
The only ambiguity from this pattern is whether the
layer line at 1/(179 A)is n=+1 or n=—1. We show
(below) that it is most likely to be n=+1; hence, we
use that convention in the figure. The indexing
scheme shown (Fig. 3) corresponds to ~3.4 subunits
per turn of a 17.9-A pitch helix.

These estimates for the helical symmetry were
used in the IHRSR (1terat1ve helical real-space
reconstruction) procedure,*' starting with a solid
cylinder as the initial reference. A total of 22,966

Fig. 3. A power spectrum computed from 14,731
overlapping segments of the Iho670 filaments (each
segment is 500 A long). The log of the power spectrum is
shown to allow for the very large dynamic range. Because
each image was first multiplied by the measured contrast
transfer function to boost the overall signal-to-noise ratio
in the images, the modulation of the pattern due to the
contrast transfer function is readily apparent. The stron-
gest layer lines are labeled with their Bessel orders,
assuming that the layer line at 1/(17.9 A) isn=+1, and not
n=-1 (see the text).
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Fig. 4. The surface of a reconstruction of the Iho670 fiber (a and b) and in cross section (c). The cross section (c) shows
the nearly vertical rod-like densities (arrow) that are at the center of the volume. The reconstruction has been filtered to

7.5 A. The space bar in (c) represents 50 A.

overlapping boxes (each 400 px long, 1.25 A/px)
were used, but the final reconstruction (Fig. 4) was
generated from 17,476 segments, with the remainder
discarded due to poor alignment statistics. The
IHRSR procedure converged to a rotation of 106.65°
per subunit and an axial rise of 5.3 A. The
reconstructed volume is ~140 A in diameter, with
large globular domains on the outside and a center
containing nearly vertical rod-like densities (Fig. 4c,
arrow). These rod-like densities appear to be the N-
terminal a-helices, and this arrangement is similar in
broad terms to what has been proposed for Type IV
pili**** with two differences: the globular domains
are significantly larger in the Tho670 filaments, and
the resolution achieved here is unprecedented. The
larger globular domains in Tho670 filaments are
expected, as the total molecular mass of 1ho670 is
33 kDa, while that of a typical bacterial Type IV pilin
is ~17 kDa.

To determine the resolution of this reconstruction,
we first used the Fourier shell correlation (FSC)
approach. While this method is widely used, it has
also been noted that it can be quite misleading. ****
The main problem is that the two volumes being
compared are rarely independent, since the most
common approach (used in Fig. 5) involves aligning
both sets of images to a common three-dimensional
reference. Thus, noise can become correlated as well
as any true signal. Usmg the more conservative
FSC=0.5 criterion,* the resolution suggested
(Fig. 5) is a phenomenal 3.75 A. To obtain a better
estimate of resolution, one must use truly separate
sets of filament images for the two reconstructions
being compared, as opposed to extensively over-

lapped segments.*® We have used a molecular
modeling approach to derive a more meaningful
estimate of the resolution.

Modeling the N-terminus
Secondary structure prediction”” shows a strong
helix propensity for the N-terminal residues (Fig. 1);

hence, we think that it is quite reasonable to assume
those residues to be a helix. Given the enantiomorphic
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Fig. 5. The FSC is shown between two volumes, each
containing half of the 17,476 segments used in the total
reconstruction (Flg 4). Since the sampling is 1.25 A /px,
the “conservative” measure of FSC=0.5 yields a resolution
of 1/(3.75 A), which we can show to be absurd using
molecular modeling.
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Fig. 6. The correlation coefficient between the model
and the density map bandpass filtered between 9 and
200 A is plotted as C,yori, While the correlation coefficient
between the model and the density map filtered between 6
and 9 A is plotted as Cgee. Four different classes of models
were used, two having a right-handed one-start helix and
two having a left-handed helix, and two having the N-
terminus at the inside of the core and two having the N-
terminus at the outside of the core.

ambiguity present in the reconstruction, whether
the 1/(17.9 A) layer line is n=+1 (right-handed) or
n=-1 (left-handed), and given the two possible
polarities of the helix, four cases were considered:
(1) right-handed density, N-terminus at the center
of the core; (2) right-handed density, C-terminus of
the a-helix at the center of the core; (3) left-handed
density, N-terminus at the center of the core; (4)
left-handed density, C-terminus of the a-helix at
the center of the core. The helix was modeled as a
perfect a-helix with all side-chain atoms present.
For the side-chain rotamers, we chose the most
probable rotamer in Coot,*® which uses the
Richardson rotamer library. © This helical model
was then kept rigid with tight restraints during the
refinement. For each case, 10 different starting
positions of the o-helix were generated, which
differed only in the rotation around the long axis
of the helix; the 10 starting models covered
rotation angles between 0° and 360°. This resulted
in 40 individual refinements, which were per-
formed using the program DireX.”® The a-helix
was kept almost rigid using strong restraints
during the refinement. A cross-validation ap-
proach (details will be published elsewhere) was
used to evaluate the fitting, from which we get a
Cwork and a Cgee value (Fig. 6).The C, o value is
the cross-correlation of the model density with the
experimental density map using the spatial fre-
quency range of 9-200 A, which was used to
perform the fitting. The Cge. value is obtained
with maps bandpass filtered between the frequen-
cies of 6-9 A, a range that has not been used in the

fitting. Figure 6 shows the Cee/Cwork Values for
the last 30 steps of all 40 fittings.

The best models are those with the highest Cee
(Fig. 6, red ellipse). These results suggest that the
one-start helix is indeed right-handed, as labeled in
Fig. 3, and that the N-terminus is located at the very
core, with the C-terminal end of this helix leading
into the globular domain, as expected. The five best
models were virtually identical, and the best is
shown (Fig. 7). In addition to the modeling arriving
at the correct helix directionality (with the N-
terminal end at the core), the axial position of the
helix appears to have been found correctly as well,
despite the fact that the first two N-terminal amino
acids (Val-Ser) are not predicted to form an a-helix
and were not used in the fitting described. When
these two amino acids are added afterwards, they
are contained within the density envelope (Fig. 7),
while an incorrect fit of the a-helix to the density
map would have shifted the helices down to fill this
unoccupied density. This finding provides further
support for our model. A comparison between the
model and the reconstruction by computing the FSC
between a density map derived from the model and
the reconstructed density suggests that the actual
resoluotion, at least in the core of the volume, is
~7.5 A. This shows that the even/odd FSC estimate
(Fig. 5) in this instance is hugely overoptimistic and

Fig. 7. A model for the packing of the first 26 N-
terminal residues in the Iho670 filaments (magenta
ribbons) shown with the electron density present within
the central core of the filament (transparent yellow
surface). The density has been filtered to 7.5 A. The
den51ty and model within a radius of 20 A from the helical
axis are shown in both (a) and (b), but in (b), the front half
has been cut away.
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suggests that reality checks are frequently needed to
properly assess resolution.

Discussion

Our results show unambiguously that the core of
the Tho670 filaments contain single a-helices and
that the details of the packing of these helices is very
different from what has previously been described
for the Neisseria gonorrhoeae PiIE*® and the Klebsiella
oxytoca PulG* pili. In the case of PilE, the helical
parameters were a rotation of 100.8° and an axial
rise of 10.5 A, while for PulG, the parameters were a
rotation of 84.7° and an axial rise of 10.4 A, in
contrast to the 106.65° and 5.3 A that we find for
Iho670. These observations support the notion that
although all N-terminal hydrophobic helices in these
Type IV pilin-like proteins may have a common
origin, a large divergence in the quaternary struc-
ture of the filaments formed by these proteins has
occurred. Similar ar%uments have been made for
bacterlal ﬂagelhn and bacterial actin-like
proteins.”’™ In contrast to the case of bacterial
flagellins, where the strong conservation of the
regions responsible for filament assembly led to the
reasonable expectation that the packing of all
flagellins would be conserved,” the substitution of
one hydrophobic residue for another in the archaeal
homologs of Type IV pilin might lead to less of an
expectation for a conserved packing. The loss of a
charged residue, Glu5 in bacterial pilins, which is
expected to be 2 key determinant in the packing of
TypelIV plhns may have also allowed for the large
change in quaternary organization of these a-
helices. On the other hand, the different symmetry
in the Tho670 filament may still mean that a
conserved assembly mechanism is shared with the
bacterial Type IV pilins.

How similar are the Iho670 filaments to archaeal
flagellar filaments? Only two archaeal flagellar
filaments have been studied in any structural detail,
from Halobacterium salinarum®** and from Sulfolo-
bus shibatae.” In the case of H. salinarum, it was
shown that both the twist and axial rise were
variable,”* but that the mean symmetry was a
108.0° rotation and a 5.4-A rise. For S. shibatae, the
situation was even more complicated, as the
filaments could exist elther in a purely helical state
or as stacks of rings.”” For the helical state, the
symmetry was 108.0° and a rise of 5.3 A. These
symmetries are quite similar to what we observe for
the Tho670 filaments (106.65°, 5.3 A), consistent with
our argument that these adhesion fibers are actually
similar to the two other archaeal flagellar filaments
described so far. The reconstructions of both the H.
salinarum and the S. shibatae filaments were from
negatively stained samples, and the resolution was
probably limited to 15 A or worse. At this resolu-

tion, it would be very difficult or impossible to
resolve single a-helices; hence, the possibility that
coiled coils or protofilaments might exist (both as in
the bacterial flagellar filaments) could not be
excluded. For the Tho670 filaments, we show that
the core can only be composed of single a-helices
and that these can only be making interactions with
the helices from three or four neighboring subunits.
This contrasts with the Salmonella flagellar filament,
where very strong interactions are made (forming
protofilaments) between the coiled coil formed by
the N- and C-terminus of subunit # and that from n
+11. Thus, the mechanism for supercoiling that has
been so beautlfully established for bacterial flagellar
filaments'*'* is unlikely to apply to the archaeal
flagellar filaments, and these filaments appear to
have developed a different mechanism for the
supercoiling of helical homopolymers through
convergent evolution.

The transitions that we observe between rigid and
straight Iho670 filament segments and those with a
characteristic curvature (Fig. 2) raise questions
about where this switching occurs. The flexural
rigidity of a filament will, in general, scale with the
fourth power of the radial mass distribution; thus,
almost all of the rigidity will be due to the highest
radius contacts between protomers in these 140-A-
diameter filaments. An equivalent statement is that
the a-helices packed in the core of these filaments
(within a radius of 20 A) will contribute very little to
the flexural rigidity. Hence, contacts among the
globular outer domains at the highest radii will most
likely be involved in the switching that is observed.
Understanding how these adhesion filaments can
make such transitions, and how archaeal flagellar
filaments supercoil, will be the aim of future
research.

Materials and Methods

Preparation of the I. hospitalis filaments

Growth of cells and preparatlon of their filaments were
as described earlier.”” In short, this procedure included
growth of cells m a 300-L fermenter in the medium
described earlier™ followed by harvesting the cells via
overnight flow-through centrifugation. From the super-
natant of this centrifugation, filaments were precipitated
overnight at 4 °C (by polyethylene glycol 6000/NaCl
addition at 10.5% and 5.8% final concentration, respec-
tively) and harvested by centrifugation (30 min at
10,000g). Aliquots representing 10 L of original fermenta-
tion were dissolved in 8 ml buffer; thereafter, 3.6 g of CsCl
was added. After CsCl gradient centrifugation (48 h at
250,000g), the resulting band was collected by a 20-gauge
needle and filaments were dialyzed against 5 mM 4-
morpholineethanesulfonic acid buffer (pH 6.0) containing
1 mM MgSO, x7 H,O+1 mM dithiothreitol and stored at
4°C.
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Electron microscopic imaging and analysis

Samples were routinely analyzed by application to
glow-discharged, carbon-coated Cu grids, negative stain-
ing using uranyl acetate (2% w/v), and imaged in an FEI
CM12 TEM at an accelerating voltage of 120 keV,
equipped with a TVIPS 0124 CCD camera (1k x 1k pixel).
For cryo-TEM, fiber samples (3 ul) were applied to freshly
glow-discharged C-flat grids, blotted, and plunged into
liquid ethane using a home-built cryo-plunger. Grids were
imaged using a Tecnai F20 microscope (FEI) at an
accelerating voltage of 200 keV and a nominal magnifica-
tion of 50,000x and recorded on film. Micrographs were
scanned with a Nikon Coolscan 8000 at a raster of 1.25 A
per pixel. The helixboxer routine in EMAN®" was used for
cutting fllaments from micrographs. The SPIDER software
package was used for most of the subsequent proces-
sing. A negative B-factor of 300 A? was applied to the final
volume to compensate for the envelope function of the
microscope and other effects that reduce the power in the
reconstruction at the highest resolution.

Protein Data Bank accession number

The atomic model has been deposited at the Protein
Data Bank with accession code 3J1R. The reconstructed
volume has been deposited at the Electron Microscopy
Data Bank with accession code 5423.
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