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Lemon-shaped halo archaeal virus His1 with uniform
tail but variable capsid structure
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Lemon-shaped viruses are common in nature but so far have been
observed to infect only archaea. Due to their unusual shape, the
structures of these viruses are challenging to study and therefore
poorly characterized. Here, we have studied haloarchaeal virus His1
using cryo-electron tomography as well as biochemical dissociation.
The virions have different sizes, but prove to be extremely stable
under various biochemical treatments. Subtomogram averaging of
the computationally extracted virions resolved a tail-like structure
with a central tail hub density and six tail spikes. Inside the tail
there are two cavities and a plug density that separates the tail
hub from the interior genome. His1 most likely uses the tail spikes
to anchor to host cells and the tail hub to eject the genome, anal-
ogous to classic tailed bacteriophages. Upon biochemical treatment
that releases the genome, the lemon-shaped virion transforms into
an empty tube. Such a dramatic transformation demonstrates that
the capsid proteins are capable of undergoing substantial quater-
nary structural changes, which may occur at different stages of the
virus life cycle.

cryo-ET | lemon-shaped virus | subtomogram averaging |
virus tail organization | dissociation

here seems to be only a limited number of different virus

particle architectures (virion-based structural lineages) due
to the limited protein-fold space (1-3). Examples of the un-
common architectures are spindle-, bottle-, and droplet-shaped
virions, so far found only in archaeal viruses (4). Archaea, organ-
isms forming the third domain of cellular life, are known to thrive
in both moderate and extreme environments (5-7). Interestingly,
archaeal viruses are morphologically diverse, resembling eukaryotic
viruses in this respect (4). Of these morphotypes, the spindle-
shaped (also known as lemon-shaped) viruses are the most com-
mon ones in archaca-dominated habitats (8-15). It appears that
this architecture is unique. However, deeper structural and bio-
chemical analyses are needed to confirm this claim.

Lemon-shaped virions are wider in the middle and narrow
toward the ends. Three types of such viruses have been described
based on the virion appearance: (i) those with one very short
tail, (if) those with one long tail, and (iii) those having two
long tails (16-18). However, based on the comparison of the
structural proteins, it was recently proposed that all known
lemon-shaped viruses could be classified into two evolutionary
lineages or viral families: Fuselloviridae, containing type i viruses,
and Bicaudaviridae, containing type ii and iii viruses (19). Most
of the isolated lemon-shaped viruses belong to the family
Fuselloviridae, whose type species is the Sulfolobus spindle-
shaped virus 1 (SSV1). Fuselloviruses infect hyperthermophilic
crenarchaea and have one short tail with tail fibers (4, 20). The
physical properties of the studied spindle-shaped viruses have
recently been summarized (21). However, 3D structural under-
standing of lemon-shaped viruses remains limited.

Hisl is the only high-salinity lemon-shaped virus isolate, and it
infects an extremely halophilic euryarchaeon, Haloarcula hispan-
ica, and morphologically resembles fuselloviruses (22). However,
unlike fuselloviruses, which have a circular double-stranded DNA
(dsDNA) genome, Hisl has a linear dsDNA genome encoding

WWww.pnas.org/cgi/doi/10.,1073/pnas. 1425008112

a putative type-B DNA polymerase; consequently, His1 has been
classified in the floating genus Salterprovirus (20, 23). The 14,462-bp
genome of Hisl is predicted to have 35 ORFs, and 4 of these
have been shown to encode structural proteins of the virion (21,
23). Hisl virion contains one major capsid protein (MCP), VP21.
In addition, a few minor ones have been detected: VP11, VP26,
and VP27. Interestingly, VP21 exists in two forms. One form is
lipid modified, although there is no detectable lipid bilayer in the
His1 virion (21). The His1 MCP is 47% similar to the MCP of
SSV1, indicating that His1 and fuselloviruses may share a common
ancestor, and it has been proposed that His1 could be classified
into the family Fuselloviridae (19, 21). In addition to the DNA
polymerase, the Hisl genome is predicted to encode an ATPase
and a glycosyltransferase (21, 23). Hisl, like the other lemon-
shaped viruses, is nonlytic, and many of them also encode an
integrase (16, 17, 21, 24-26). Despite its typically hypersaline en-
vironment, His1 tolerates a variety of salinities, from 50 mM up to
4 M NaCl (21).

Few attempts have been made to determine the structures of
nonicosahedral viruses, mainly due to the fact that their pleomorphic
nature introduces great challenges in particle structure classification
and averaging. Recent advances in image-processing methods in
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Many lemon-shaped double-stranded DNA viruses have been
observed to infect archaeal cells in both extreme and moderate
environments. We used cryo-electron tomography with sub-
tomogram classification and averaging to reveal the three-
dimensional structures of a lemon-shaped haloarchaeal virus,
His1. Although the His1 exhibited size and shape heterogeneity,
its tail structure was found to be constant. Extensive biochemi-
cal studies show that, while extremely stable, under certain con-
ditions the capsid can transform into a tube without the genome.
These observations demonstrate that the capsid proteins are
able to perform a remarkable surface lattice transformation.
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cryo-electron microscopy (cryo-EM) and cryo-electron tomography
(cryo-ET) have been demonstrated to be a useful tool in the struc-
tural studies of nonicosahedral viruses, such as Tula hantavirus
(27) and the immature capsid in HIV-1 virus (28), and some
archaeal viruses, such as pleomorphic, two-tailed spindle-shaped,
and linear viruses (17, 21, 29) and bottle-shaped and filamentous
archaeal viruses (30-32). Recent structural studies of the spindle-
shaped virus SSV1 revealed its 3D structure with a spindle body
and a short tail at one end (33).

Here, we used cryo-ET and symmetry-free and model-free
subtomogram averaging to reveal the previously unrecognized tail
organization of the lemon-shaped virus Hisl, with a central tail
hub and six surrounding tail spikes. Further analysis of a larger
population of subtomograms showed variable dimensions of the
lemon particles but a constant structure of the tail. Biochemical
analysis of the virion under different chemical conditions revealed
unexpected biochemical properties of the Hisl virion, which may
be relevant to the life cycle of this virus.

Results

Identifying the Tail Structure of the Lemon-Shaped Virus His1. Cryo-
ET, including alignment and classification of subtomograms in
three dimensions, was used to resolve the structures of the lemon-
shaped capsid and the tail. Tilt series images of virus particles
embedded in vitreous ice were collected (Movie S1), and recon-
structions of the tilt series yielded 3D volumes containing ~100
virus particles in each tomogram, followed by extraction and
analysis of individual virus subtomograms (Fig. 14 and Movie S2).
Since not much prior knowledge of the 3D structures of the lemon
viruses exists, a de novo approach with a completely model-free
and symmetry-free algorithm (34) was used for the classification
and averaging of individual subtomograms (details described in
Materials and Methods and SI Appendix, Fig. S1). Based on com-
putationally sorting a small set of 100 subtomograms from a single
high-quality tomogram, a symmetry-free map of His1 virus particles
was derived from the average of 30 subtomograms having a long
axis of ~920 A and a short axis of ~400 A. The map also revealed
an ~120-A tail-like structure with a central hub density that sits on
one end of the capsid with six tail spikes attached to it, whereas at
the other end, an extra density covers the tip (SI Appendix, Fig. S2,
and Movie S3).

Lemon Capsid Exhibits Heterogeneity. To improve the map reso-
lution of the lemon-shaped virus, a larger dataset of 30 tomo-
grams was collected and reconstructed, yielding a total of 2,500
subtomograms of the virus particles. We noted visually that the
length and the width of the virions vary. A histogram of the
capsid width for all of the particles reveals a range of ~360-
390 A (SI Appendix, Fig. S3), indicating intrinsic variance in
the capsid dimensions.

We then split the subtomogram particles into four classes
based on their widest diameter: class I, 362 + 4.5 A (n = 353);
class II, 371 + 4.5 A (n = 388); class III, 380 + 4.5 A (n = 377);
and class IV, 389 + 4.5 A (n = 312). The rest of the subtomogram
particles did not fall into any of these four classes and were not
subject to any further analysis. Subtomogram averaging within
each width class was performed (details are described in Mate-
rials and Methods and SI Appendix, Figs. S4-S6). The final maps
for different width classes show that the lemon body width
steadily becomes larger from class I to IV, as indicated by the
radial coloring (SI Appendix, Fig. S7). The final map of the class
IV average (SI Appendix, Fig. S7D), which has the widest capsid
diameter, appears to be the shortest in length compared with the
other three classes (SI Appendix, Fig. S7 A-C). This diameter
and length correlation mimics a ripe lemon: when the two ends
are pushed, the body gets shorter but at the same time wider.
The lipid modification of the major capsid protein may con-
tribute to the elasticity of the lemon capsid shell.

We have measured the interior volumes for the four width
classes, which are 32,25 x 10° A° for class I; 28.44 x 10° A° for
class IT; 37.66 x 10° A° for class III; and 38.48 x 10° A° for class
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Fig. 1. Refined tail structure at 20-A resolution with sixfold average. (A) Single-
slice view through a tomogram of His1 viruses embedded in vitreous ice. The
radially colored symmetry-free map is shown in top view (B) and side view (C),
and the sixfold symmetrized map is shown in D and E. The central slice of the
refined sixfold average map is shown in gray scale in F; two cavities and a plug
density are labeled accordingly. (G7-G3) Slice views normal to the long axis
of the virion running through the tail spikes to the inner plug at the levels
indicated by dashed lines in F. The cut-away views of the cavities are shown
at the hollow centers of G7 and G3 and at the plug in G2.

IV. The inner volumes are approximately consistent for the four
classes, indicating the encapsulation of the same size of DNA.
We then measured the inner surface area of the capsid shell
for the four width classes, which are 712.9 x 10® A2 for class I;
610.4 x 10° A for class II; 692.2 x 10> A? for class III; and 703.1 X
10® A? for class IV. The inner surface areas tend to be very con-
sistent except for class II, indicating that the same amounts of
capsid proteins were used in the four classes.

The resolution of the final map in each width diameter class was
evaluated by calculating the Fourier Shell Correlations (FSCs)
from independent refinements (SI Appendix, Fig. S8). For each of
the four classes, the final map resolutions of the whole lemon virus
are around 57-58 A. However, when computing the resolutions in
the tail part only, all four classes showed improved resolutions
to 47-49 A, suggesting that the tail structure of the lemon virus
is relatively more constant than that of the capsid protein in the
lemon body. This result prompted us to further explore the tail
structure for improvements in the resolution.

Organization of the Tail and the Interior Genome. To interrogate the
structure of the tail, we masked away the lemon capsid with
a Gaussian soft mask to avoid sharp edges and focused alignment
on the tail end for all available subtomograms (details are de-
scribed in Materials and Methods and SI Appendix, Figs. S9 and
S$10). FSCs calculated from each pair of independent refine-
ments without imposing symmetry revealed a resolution of
~51 A for the virus particle, but a much better resolution, ~28 A,
for the tail alone (Fig. 1 B and C, and SI Appendix, Fig. S11).
After applying sixfold symmetry (Fig. 1 D and E), the resolution
of the tail part further improved to ~20 A (SI Appendix, Fig.
S11). Such improvement confirms our original hypothesis that
the tail part of the lemon virus is relatively uniform regardless of
the width of the lemon body.

From the final averaged map of all 2,444 subtomograms, more
details of the organization of the tail hub and spikes were
revealed (Fig. 1 and Movie S3). The six tail spikes are organized
in a horizontal fashion (Fig. 1 B, D, and GI). The central tail
hub, to which the six spikes are attached, is hexagonal and sits at
the end of the capsid (Fig. 1GI). Inside the tail hub, a small cavity
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~15 A in height and ~30 A in width is seen (Fig. 1GI). Between
the tail hub and the capsid, there is another central cavity (Fig.
1G3) about 50 A in both width and height. These two cavities are
separated by a density (Fig. 1G2) that could serve as a valve to
control the genome transport through the tail. We also examined
the spacing of the layers inside the capsid from our subtomo-
graphic average map. The spacing between the two layers in the
subtomogram average map was shown to be ~50 A, which possibly
indicated two layers of typical 25-A DNA genome spacing.

Dissociation Analyses Show That His1 Virion Is Extremely Stable.
Highly purified virions were treated with different proteases,
detergents, solvents, and chaotropic agents as well as a variety of
pH and temperature conditions. All treatments were performed
at low salinity, except for freezing and thawing that was at high
salinity (SI Appendix, Table S1). After each treatment, viral in-
fectivity was determined and the dissociation products were
analyzed by rate zonal centrifugation. DNA and protein content
were determined for the gradient fractions, and the appearance
of the dissociation products was assayed by negative-stain trans-
mission electron microscopy (SI Appendix, Table S1).
Remarkably, Hisl remained highly infectious even under ex-
tremely harsh conditions (SI Appendix, Table S1). Some treat-
ments inactivated the virus (SI Appendix, Table S1), but during the
rate zonal centrifugation no difference was observed in the sedi-
mentation rate between the treated and untreated particles. Using
protease treatments, no major digestion of the MCP VP21 was
observed, suggesting that it is protease-resistant (SI Appendix, Fig.
S124). However, the amount of the minor protein VP26 de-
creased upon the proteinase K digestion (SI Appendix, Fig. S124).
Most of the conditions that inactivated the virus resulted in the
same end products: genome release and transformation of the
lemon-shaped particle into a tube (Figs. 2 and 3). These con-
ditions included strong alkaline treatment, addition of the
nonionic detergents Triton X-100 (TX-100) or Nonidet P-40
(Nonidet P-40), incubation at 80 °C, and boiling. Interestingly,
even extremely low concentrations of TX-100 [0.1% (vol/vol)] or
Nonidet P-40 [0.01% (vol/vol)] induced the genome release with
concomitant loss of infectivity (SI Appendix, Fig. S134). Both
detergents also solubilized approximately half of VP27 (Nonidet
P-40 in Fig. 2B), and higher concentrations of the detergents
resulted in partial solubilization of both forms of VP21 (Nonidet
P-40 in SI Appendix, Fig. S12B). However, even high Nonidet
P-40 concentrations [6% (vol/vol)] were not sufficient to completely
solubilize VP21 as individual molecules, as empty particles could
be observed after such treatments (SI Appendix, Fig. S14 A and B).
Furthermore, with higher Nonidet P-40 concentrations sedi-
mentation properties of the particles varied (SI Appendix, Figs.
S12B and S14 A4 and B). Major structural changes or rear-
rangements upon DNA release were irreversible. Hisl lost its
infectivity between 70 and 80 °C at low salinity (SI Appendix, Fig.
S13 B and C). In contrast to the detergent and boiling treat-
ments, incubation at 80 °C at low salinity produced two light-
scattering zones in a gradient after rate zonal centrifugation:
a minor one containing tubes with attached DNA and a major
one containing empty tubes only (Fig. 2). In addition, nonionic
detergent octyl-B-D-glucopyranoside released the genome, but
the empty tube-like particles were more variable compared with
the TX-100 or Nonidet P-40 treatments (SI Appendix, Fig. S154).
Also, chloroform treatment resulted in the release of the ge-
nome, but the empty particles were pleomorphic with variable
sedimentation behaviors (SI Appendix, Fig. S15 B and C).
Empty tube-like particles were also observed after the 1.5%
(vol/vol) HCI treatment at 75 °C (SI Appendix, Fig. S15D) that
has previously been observed to dissociate the lipid-modified,
higher-molecular-mass form of VP21, most probably changing
it into the lower-molecular-mass form (21). These tubes were
highly aggregative, and we could also observe thinner rod-like
particles (SI Appendix, Fig. S15D). This result indicates that the
lower-molecular-mass form of VP21 is able to form tube-like
particles on its own. The only treatment tested that was observed
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Fig. 2. Production of empty tubes of His1. The virions and dissociation
products were sedimented by rate zonal centrifugation, and the gradient
fractions were analyzed for DNA and proteins by gel electrophoresis. Upper
represents EtBr and Lower represents Coomassie blue staining of the SDS/
PAGE gels (for nucleic acids and proteins, respectively). Numbers at the top
indicate gradient fractions 1-13 starting from the surface of the gradient.
Numbers on the left indicate the molecular mass markers. Centrifugation
time was three times longer in B and C compared with the one used in A
(Materials and Methods). (A) Untreated 2x purified virions. (B) Virions
treated with 0.01% (vol/vol) Nonidet P-40 at low salinity at room tempera-
ture for 90 min. (C) Virions incubated at 80 °C at low salinity for 5 min.
(D) Virions boiled at low salinity for 10 min.

to quantitatively solubilize both forms of VP21 was incubation
with SDS (SI Appendix, Table S1).

Visualization of the Empty Tube. The empty tubes produced by
both the detergent and boiling treatments were imaged using
cryo-EM. The untreated particles were lemon shaped (Fig. 14)
whereas the detergent treatment resulted in empty bent tubes
(Fig. 34). However, heat treatment induced empty tubes (Fig.
3B) that were straighter than the detergent-treated ones. We also
observed an intermediate stage (Fig. 3C) with one end still re-
taining the lemon shape and the other end forming the empty tube.
DNA strands that are being released from the capsid can also be
seen in the middle of the tube. Capturing this intermediate state
enables the direct visualization of the transforming process and
provides confirmatory evidence for the tube-triggering experiments.

Tubes produced by the boiling treatment were chosen for
further characterization due to their rigid appearance and ap-
proximately constant length and width, A long and straight tube
showed periodicity at 21.8 and 10.9 A evidenced in its corre-
sponding power spectrum (Fig. 3D). The tubular segments were
then computationally segmented into square boxes treated
as individual particles. Two-dimensional class averages show
clear periodicity in agreement with the raw micrographs and
their power spectra (Fig. 3E). Although the short-range order
can be clearly determined at 21.8 A, long-range order remains
ambiguous. Cryo-ET was then used to visualize the empty tubes
in three dimensions. Five tilt series of the empty tubes embedded
in vitreous ice were collected (Movie S4) and reconstructions of
the tilt series yielded 3D volumes containing the densities of the
tubes (Fig. 44 and Movie S5). Approximately 200 tube sub-
tomograms were extracted and computationally classified and
averaged using the all-vs.-all algorithm. The averaged map from
the major group of 54 subtomograms revealed the dimensions
of the empty tube (Fig. 4B): length, ~1,380 A; outer diameter,
~220 A; inner diameter, ~150 A (Fig. 4 C and D). This dem-
onstrates the drastic transformation from an ~900-A-long and
~400-A-wide lemon shape into an ~1,380-A-long and ~220-A-
wide tube upon the genome release.

Discussion

The ability to survive under environmental extremes has stimu-
lated great interest in investigating special properties of archaeal
viruses. With advances in genomic and biochemical analyses,
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Fig. 3. Transformation of the lemons into empty tubes. (A) A typical mi-
crograph of the empty tubes produced with detergent treatment. Some of
the tubes were bent, as indicated by the black arrow. (B) A typical micro-
graph of the empty tubes produced with a boiling treatment. (C) An in-
termediate stage of a lemon (orange arrow) transforming into a tube (cyan
arrow) with genome being ejected (red arrow). (D) A representative mi-
crograph of one tube with its Fourier transformation on the right. Layer
lines with periodicity of 21.8 and 10.9 A are labeled. (E) Reference-free 2D
classification and averaging with three class averages with clear repeats on
the Top and the corresponding power spectra on the Bottom.

classification of archaeal viruses has been possible (4, 20, 35).
However, the exceptional virion architectures of many archaeal
viruses pose challenges to a comprehensive structural under-
standing, and, consequently, the resolved structures of unusual
archaeal virion morphotypes are limited.

Although the lemon-shape capsid exhibits structure variation,
we undertook an image-processing strategy to perform post-
tomographic averaging of different parts of the virion that had
less structure heterogeneity among particles. We achieved a sig-
nificantly improved subtomogram average of Hisl with features
resolved at the tail. To assess these features, we applied sixfold
symmetry to the map, which further improved the resolution of
the tail to ~20 A (Fig. 1). Comparison of Hisl tail organization
to existing structures of tailed bacterial and eukaryotic viruses
reveals similar tail structures, such as P-SSP7 (36) and PBCV-1
(37); thus the lemon-shaped Hisl and tailed bacteriophages may
have similar adsorption and genome ejection mechanisms. We
propose that in archaeal virus His1, as in tailed bacteriophages,
the tail plays a key role not only in facilitating and securing the
virus to its host, but also in regulating the translocation of its
genetic material into the host. These processes are controlled by
the interaction between the spike proteins and host receptors
and the coordination between the tail hub proteins and the plug.
However, Hisl is a nonlytic virus in contrast to tailed bac-
teriophages and thus likely uses different mechanisms for virion
assembly and release (21).

The organization of the genome injection apparatus has been
widely studied in tailed bacteriophages. In the case of Epsilon 15
(38) and P22 (39, 40), the tail spikes are perpendicular to the
surface of the capsid, whereas the tail fibers of P-SSP7 (36) ex-
tend along the capsid surface in the mature virion and change
into a horizontal extension after the capsid encounters the bac-
terial surface to signal genome release. In this study of the
lemon-shaped virus Hisl, the tail spikes extend horizontally from
the central hub in the mature virion. In addition to the tail hub
and spikes, another internal feature between the tail hub and
capsid was also observed. A cavity and a plug separate the ge-
nome from the exterior milieu. During genome transfer, the
potential conformational changes of the tail spikes may open up
the plug (Fig. 1G2) between the small cavity in the tail hub and
central cavity, as in the case of P-SSP7 (36). The newly formed
larger cavity may function as a channel-like structure that pro-
vides room for the ejection of the DNA. The cavity and plug
organization may be conserved as has been described in the
Paramecium bursaria chlorella virus (PBCV-1) (37).
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For several tailed bacteriophages, it has been reported that the
genome ejection is a two-step process: pressure inside the virion
starts the ejection, but other factors are needed to finish it (41—
43). Hisl is so far the only archaeal virus in which genome
ejection has been studied. Single-molecule experiments and vi-
sualization of the ejection by total internal reflection fluores-
cence microscopy showed that the DNA ejection from Hisl
virions in vitro is unidirectional and randomly paused, indicating
that host cell factors are required to finish the ejection (44).

Dissociation data (SI Appendix, Table S1) illustrate the ex-
tremely stable nature of the Hisl virion. The MCP VP21 has a
theoretical low isoelectric point, 4.14, which is typical for halo-
philic organisms or their viruses and most likely contributes to
the protein stability and solubility in hypersaline environments
(45). Protein VP21 has been shown to have two forms in the
virion—native and lipid modified—and it is mainly composed of
hydrophobic amino acids forming two domains (21). It might be
the hydrophobic nature and lipid modification that provide such
strong interactions, making it difficult to dissociate the particle.
The only major dissociation products observed were an empty
tube-like particle and the released genome. To our knowledge,
no other virus particle has been described as undergoing such
a dramatic rearrangement upon genome release. Importantly,
this transformation was achieved without detectable changes in
the protein composition (Fig. 2C), indicating that the capsid
subunits are able to switch from one arrangement to another.
Lemon-shaped archaeal viruses have also previously been
reported to be able to transform their capsids, as Acidianus two-
tailed virus forms long tails at both ends of the lemon body outside
the host cells (17, 46). Thus, this lemon architecture seemingly
allows the virion to adopt several conformations. The Hisl ge-
nome, however, seems to have quite a strong interaction with the
capsid, as some empty tubes still had bound DNA after in-
cubation at 80 °C. Negatively stained EM images of the treated
His1 virions also revealed that under certain conditions empty
tubes had variable length and thickness (S Appendix, Fig. S15). In
addition, empty pleomorphic particles could be observed by
negative-staining EM after the chloroform treatment (S Appen-
dix, Fig. S15). Interestingly, these resembled empty membrane
vesicles reported for pleomorphic, membrane-containing ar-
chaeal viruses (47) although His1 virions have no lipid membrane.
Thus, the lipid modification of the His1 MCP may facilitate such
transformation. Another lemon-shaped virus, SSV1, has also
been reported to be very stable under harsh conditions such as
6 M urea. However, SSV1 is also very sensitive to organic sol-
vents and alkaline conditions that induce the genome release
leaving an empty, lemon-shaped shell (48).

In our biochemical dissociation experiments, the lemon-tube
transition seems to happen simultaneously with the release of the
genome DNA. It is tempting to speculate that a similar mecha-
nism may be used when the virus is infecting its host and ejecting
its genome. Combined with our structural observations, we hy-
pothesize that during the infection the tail spikes of Hisl rec-
ognize the receptors on the cell wall of its archaeal host, the
process of which orients the tail hub perpendicularly to the host
cell wall and initiates the genome injection. Furthermore, upon
genome release, the lemon-shaped capsid transforms into an
empty tube to facilitate the process of the genome release. A
confirmation of this hypothesized infection mechanism in vivo
will certainly require future experiments. Interestingly, tailless
icosahedral bacteriophage PRD1 has been shown to have a
unique packaging vertex and form a tube-like structure from its
inner membrane to deliver the genome across the cell envelope
(49, 50). As tailed bacteriophages also use their tube-like tails to
eject the genome, tube-resembling devices may work as a common
genome-injection needle among different virus morphotypes.

Materials and Methods

Production and Purification of His1 Virion. H. hispanica strain ATCC 33960 was
used to propagate His1 (22, 51). Cultures were grown aerobically at 37 °C in
the modified growth media (MGM) (52). Broth, solid, and top-layer MGM
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Fig. 4. Tomographic analysis of the empty tubes. (A) A representative
volume rendering of a reconstructed tomogram. (B) The symmetry-free av-
erage of the tubes generated from 54 subtomograms using model-free all-
vs.-all alignment method. (C) Central section from the side and (D) the top of
the averaged map in B.

contained 23, 20, and 18% (wt/vol) artificial salt water (SW), respectively.
Five grams of peptone (Oxoid) and 1 g of Bacto yeast extract (Difco Labo-
ratories) were added per liter. Solid and top-layer media contained 14 and
4 g of Bacto agar (Difco Laboratories) per liter, respectively. The 30%
(wt/vol) stock solution of SW contains 240 g NaCl, 30 g MgCl,-6H,0, 35 g
MgS0,4:7H,0, 7 g KCI, 5 mL of 1 M CaCl,-2H,0, and 80 mL of 1 M Tris-HCI
(pH 7.2) per liter (www.haloarchaea.com).

His1 virus stocks were prepared as previously described, using confluent
plates (53). These were used to infect H. hispanica cultures with a multiplicity
of infection of 10 followed by incubation at 37 °C overnight. The overnight
cultures were treated with DNase | (50 pg/mL) for 1 h at 37 °C. Virus particles
were purified from the culture supernatants as previously described (21),
and the concentrated “2x purified virus” was further purified in a linear
5-20% sucrose gradient in His1 buffer [500 mM NacCl, 35 mM MgCl,, 10 mM
KCl, 1 mM CaCl,, and 50 mM Tris-HCl (pH 7.2)] (Sorvall TH641, 35,000 x g,
40 min at 15 °C). The light-scattering virus zone was collected, concentrated,
and washed with His1 buffer or 10-fold—diluted His1 buffer [S0 mM Nacl,
3.5 mM MgCly, 1 mM KCl, 0.1 mM CaCl,, and 50 mM Tris-HCl (pH 7.2)] using
ultrafiltration. The resulting material was designated as “3x purified” virus.

Virus Inactivation Experiments. Sensitivity of His1 to different conditions was
tested using 2x purified virus material. For detergent sensitivity, virus par-
ticles were treated with 0.01-1% (vol/vol) TX-100 or Nonidet P-40 in 10-fold-
diluted His1 buffer for 90 min at room temperature. For temperature sen-
sitivity, virus particles were incubated at 4-80 °C in 10-fold-diluted His1
buffer for 5 min and at 80 °C for 5-90 min. After incubations, infectivity was
determined using the plaque assay.

Virion Dissociation. All dissociation experiments were carried out with 2x
purified virus particles. Treatments included (i) proteases, (ii) pH, (iii) deter-
gents, (iv) temperature, (v) chaotropic agents, (vi) solvents, and (vii) combi-
nations of these (S/ Appendix, Table S1). Incubations were carried out either
in His1 buffer (high salinity) or in 10-fold-diluted His1 buffer (low salinity).
After each treatment, infectivity was determined using the plaque assay, and
dissociation products were analyzed in a linear 5-20% sucrose gradient in
His1 buffer by rate zonal centrifugation (Beckman SW50.1, 40,000 x g, 25-65
min at 15 °C or TH641, 35,000 x g, 40-120 min at 15 °C). The virus amounts
used in the reactions were Aygo = 1.85 (SW50.1) or Ayeo = 4.50 (TH641), except
that in SDS and ethanol treatments A,go = 2.50 (SW50.1) and Ayg = 3.70
(SW50.1) were used. After centrifugation, gradients were fractionated and
the fractions were analyzed by SDS/PAGE with 4 and 16% (wt/vol) acryl-
amide concentrations in the stacking and separation gels, respectively (54)
and by staining with ethidium bromide for DNA and Coomassie blue
for proteins.

Dissociation products were visualized by negative-staining transmission
electron microscopy. Treated particles were allowed to adsorb on grids for
1 min before staining with 3% (wt/vol) uranyl acetate (pH 4.5) for 1 min. The
micrographs were taken with a JEOL 1200EX electron microscope operating
at 80 kV in the Electron Microscopy Unit of the Institute of Biotechnology,
University of Helsinki.

For cryo-EM, empty virion tubes were prepared using the following dis-
sociations: (i) treatment with 0.01% (vol/vol) Nonidet P-40 in 10-fold-diluted
His1 buffer for 90 min at room temperature, (ii) boiling in 10-fold—diluted
His1 buffer for 10 min, and (iii) incubation at 80 °C in_10-fold-diluted His1
buffer for 5 min. After the treatment, the specimens were purified in a linear
5-20% sucrose gradient in His1 buffer by rate zonal centrifugation (TH641,
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35,000 x g, 40-120 min at 15 °C). The virus amount used in the reactions
was Ayg = 4.50. After centrifugation, the light-scattering zones were collected
and concentrated and washed with 10-fold-diluted His1 buffer using ultrafil-
tration as described above.

Cryo-ET Data Acquisition. Aliquots of 2.5 uL of 3x purified His1 virions were
applied to 200-mesh R2/2 Quantifoil grids in a Vitrobot Marklll (FEI) blotted
for 2 s and flash-frozen in liquid ethane. The frozen grids were then imaged
on a 200-kV JEM2200FS electron microscope (JEOL) equipped with in-column
energy filter with a 20-eV slit width. To collect tilt series, 3x purified His1
virions were mixed with 60 A gold before vitrification. Microscope magni-
fication of 25 Kx corresponding to 4.52 A/pixel sampling on a Gatan 4Kx4K
CCD was used to collect each tilt series from —65° to +65° with 2° step size
with total dose of ~100e™-A2. The intended defocus was set to 5 pm in
SerialEM. The 3D reconstruction for each tilt series was performed in IMOD
software package tracking with gold fiducial markers (55).

All-vs.-All Classification and Refinements Within Each Width Class. The initial
stage of processing was performed with 100 subtomograms computationally
extracted from one tomogram. As a first-step, the lemon-shaped subtomo-
grams were aligned to a featureless cylindrical density so that the long axis of
the virions were all aligned to the z axis of the cylinder model. All-vs.-all
cross-correlation classification was performed, as described previously (34).
The two degrees of freedom considered in the alignment were flipping of
the two ends and rotational alignment along the long axis (S/ Appendix, Fig.
S1). Through this iterative approach, the 100 subtomograms were classified
into different groups and averaged without a starting model or imposing
any symmetry.

A larger dataset of 30 tomograms was collected subsequently in three
different microscope sessions. The intended defocus in SerialEM was set to
1 pm to push the first zero cutoff of the contrast transfer function to ~20 A. A
total of ~2,500 subtomograms were extracted and aligned to the initial all-
vs.-all map. Quantitatively, we measured the diameter of the capsid for all of
the subtomogram particles by radially plotting the densities of the central
section and recording the highest peak, which corresponds to the capsid
shell (§/ Appendix, Fig. S3) (56). The particles were separated based on the
widest width of the lemon body (S/ Appendix, Fig. S3). For each width class,
100 particles were randomly selected for all-vs.-all classification, and the
major group average from the all-vs.-all was used as a starting model for
further refinement (S/ Appendix, Figs. S4 and S5). The independently refined
maps for the three subsets were used to calculate the FSCs (S/ Appendix, Figs.
S6 and S8). The final map for each width class was obtained by combining
the refined maps of the three subsets.

Refinement of the Tail Structure by Combining All Data. For the refinement of
the tail structure, all subtomograms were also split into three subsets. The
lemon capsid was masked away using a soft Gaussian mask to avoid artifacts
introduced by sharp edges, and only the tail was included for further in-
dependent refinement within each subset (S/ Appendix, Fig. $9). The resulting
rotations and translations from the alignment were applied to the raw par-
ticles for averaging. Through the iterative process, the final average map was
combined using all 2,444 particles without imposing symmetry (S/ Appendix,
Fig. S10). Sixfold symmetry was then applied to the final average. Resolution
assessment was done by calculating the FSC against each pair of the three
independently reconstructed maps (S/ Appendix, Fig. S11).

Cryo-EM Imaging and Tomographic Analysis of the Empty Tubes. The frozen
grids of the empty tubes were prepared in the same way as described for the
virions and imaged in a 200-kV JEM2010F electron microscope (JEOL) with
same imaging conditions without energy filtering. Approximately 750 long
nonoverlapping helices from ~86 CCD frames were boxed out and then cut
into short square boxes (200 by 200 pixels) with 80% overlap between suc-
cessive boxes using e2helixboxer.py in EMAN2 (57). Each square box was
later treated as a single particle image for 2D reference-free classification
and averaged using e2refine2d.py.

The boiling-induced empty tubes were also mixed with 6 nm gold and
flash-frozen on 200-mesh R2/2 Quantifoil grids. Five tilt series of the frozen
grids were collected and reconstructed to yield tomograms in the same way as
described for the virion. About 200 subtomograms of the empty tubes were
computationally extracted from the five tomograms and then classified and
averaged using the all-vs.-all algorithm. One major group containing 54
subtomograms generated the final averaged map.
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