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Archaeal lemon- shaped viruses have unique helical capsids composed of highly hydropho-
bic protein strands which can slide past each other resulting in remarkable morphological 
reorganization. Here, using atomic force microscopy, we explore the biomechanical 
properties of the lemon- shaped virions of Sulfolobus monocaudavirus 1 (SMV1), a 
double- stranded DNA virus which infects hyperthermophilic (~80 °C) and acidophilic 
(pH ~ 2) archaea. Our results reveal that SMV1 virions are extremely soft and withstand 
repeated extensive deformations, reaching remarkable strains of 80% during multiple 
cycles of consecutive mechanical assaults, yet showing scarce traces of disruption. SMV1 
virions can reversibly collapse wall- to- wall, reducing their volume by ~90%. Beyond 
revealing the exceptional malleability of the SMV1 protein shell, our data also suggest a 
fluid- like nucleoprotein cargo which can flow inside the capsid, resisting and accommo-
dating mechanical deformations without further alteration. Our experiments suggest a 
packing fraction of the virus core to be as low as 11%, with the amount of the accessory 
proteins almost four times exceeding that of the viral genome. Our findings indicate that 
SMV1 protein capsid displays biomechanical properties of lipid membranes, which is not 
found among protein capsids of other viruses. The remarkable malleability and fluidity 
of the SMV1 virions are likely necessary for the structural transformations during the 
infection and adaptation to extreme environmental conditions.

archeal virus | membrane fluididty | physical virology  | Atomic Force Microscopy

Viruses have evolved to prosper in almost any ecological niche where living cells can be 
found, including some of the most severe ecosystems. The microbial communities in 
extreme environments are typically dominated by archaea, which harbor a highly diverse 
virome, characterized by unique virion morphologies not observed among viruses of 
bacteria or eukaryotes (1–4). Two of the most widespread archaeal virus groups correspond 
to helical filamentous viruses classified into the realm Adnaviria (5) and viruses with 
lemon- shaped (or spindle- shaped) virions (6–8), respectively. Both filamentous and 
lemon- shaped viruses are ancient, thought to have been already associated with the last 
archaeal common ancestor (9).

How archaeal viruses endure the extreme physicochemical conditions, especially, when 
outside of the host cell, remains poorly understood. One of the molecular adaptations to 
high temperatures described for filamentous adnaviruses involves storage of the genomic 
double- stranded (ds) DNA in the virions in A- form conformation (10). This is achieved 
through extensive interactions between the major capsid protein (MCP) subunits and the 
viral genome (10, 11). In some adnaviruses, the nucleocapsid is covered by a thin lipid 
envelope (12, 13), which is believed to provide an additional layer of protection against 
the acidic environment of their natural habitats (2).

By contrast, lemon- shaped viruses display a radically different virion organization com-
pared to adnaviruses, and the details of their resilience to high temperatures and acidic 
pH remain unknown. Cryo- EM structure of the Sulfolobus monocaudavirus 1 (SMV1) 
and Acidianus two- tailed virus (ATV), both members of the family Bicaudaviridae (14, 
15) infecting archaea that thrive in terrestrial hot springs (~80 °C, pH 2 to 3), revealed 
that their lemon- shaped capsids are not enveloped and represent a helical assembly con-
structed from seven strands of a highly hydrophobic MCP (16). Upon induction of 
genome ejection, the regular lemon- shaped capsids undergo dramatic architectural trans-
formation into tubular structures (16). A similar architectural change has been observed 
when virions were incubated at high temperatures (17). The lemon shape of the virion 
results from the variations in the diameter of the virion helix, which increases from the 
tips to the center of the virus particle. The capsid is organized in such a way that the 
hydrophilic regions of the MCP are facing the lumen and exterior of the capsid, whereas 
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the hydrophobic core mediates all the intra-  and interstrand inter-
actions in the capsid shell, allowing seamless sliding of the hydro-
phobic MCP strands past each other without disrupting the capsid 
integrity (16). The helical virion organization was initially recog-
nized for a distantly related bicaudavirus Acidianus tailed spindle 
virus (ATSV) and the necessity for the sliding of virion strands 
against each other during genome externalization was predicted 
(18). However, the molecular underpinning of this process could 
not be envisioned at the time because a wrong structural protein 
was thought to be responsible for the capsid shell formation. The 
prediction that virion organization determined for SMV1 and 
ATV also extends to archaeal bacilli- form and smaller lemon- shaped 
viruses (16) was subsequently confirmed in the case of viruses of 
the Fuselloviridae family (19).

In a way, the capsid shell of bicaudaviruses can be regarded as a 
unique “protein membrane,” with a highly hydrophobic core sand-
wiched between hydrophilic termini. However, whether such capsids 
possess biomechanical properties, such as fluidity and softness, akin 
to those of lipid- based membranes or are more like other protein 
capsids remains unknown. Interestingly, theoretical investigations 
(20) suggested that ATV and ATV- like capsids are anisotropic vis-
coelastic materials, which would facilitate the experimentally 
observed architectural virion rearrangements. Understanding the 
properties of the lemon- shaped virions is of great interest not only 
from a fundamental point of view but also from a biotechnological 
perspective and could stimulate the development of next- generation 
biomaterials for biomedicine and nanotechnology. Indeed, SMV1 
particles have already shown promise as potential nanocarriers (21).

Mechanics is an essential property of macromolecular assemblies 
(22) and virus capsids are not an exception (23). For instance, tailed 
bacteriophages actively package dsDNA genomes into their capsids, 
subjecting them to high internal pressures (up to 90 atmospheres) 
(24, 25), which is then used during the first stages of DNA trans-
location into the host (26, 27). Therefore, their capsids are endowed 
with extraordinary robustness to support such mechanical stress 
(28). Atomic force microscopy (AFM) has emerged as a powerful 
method to study the structural and mechanical properties of viral 
particles under physiological conditions (29). AFM analysis of 
bacterial and eukaryotic viruses with proteinaceous capsids, such 
as human adenovirus, bacteriophages lambda, P22 and phi29, have 
demonstrated a direct interplay between the biomechanical prop-
erties and functionality of the viral particles (28). In human ade-
novirus, the stiffness and mechanical disassembly are intimately 
related to the condensation state of the viral genome and its ability 
to diffuse from semidisrupted particles to the nuclear pore (30). 
Mechanical properties also depend on the maturation state of the 
virus capsid (23) and the complexity of the virus particle, especially 
in viruses with multilayered capsids (31). All previously studied 
viruses with protein capsids have been found to behave almost as 
elastic linear springs, with capsid shells demonstrating fragile frac-
ture (32). By contrast, enveloped viruses, such as influenza and 
coronaviruses (33–35), are much softer, with measured stiffness 
values being 10 times lower than for protein capsids. However, 
none of the extremophilic archaeal viruses have been studied from 
a biomechanics perspective.

Here, we explore the biomechanical properties of the SMV1 
capsids using AFM and assess their stiffness, resistance to cyclic 
loading (mechanical fatigue), and reversible morphological trans-
formation under different loading forces. In addition, we per-
formed mechanical tomography and dehydration studies that 
provided insights into the physical properties and packing fraction 
of the SMV1 cargo. We show that the lemon- shaped virion of 
SMV1 displays exotic biomechanical properties, combining the 
extreme malleability of the protein capsid with the remarkable 

fluidity of the nucleoprotein cargo, unexpected in other protein 
capsid- containing viruses.

Results

Topography of SMV1 Virions. The morphological diversity of 
purified SMV1 virions includes particles ranging from tailless 
lemon- shaped capsids to particles with one or two tubular tails 
protruding from the lemon- shaped body (Fig. 1A). This diversity of 
shapes could be also observed with AFM following the adsorption 
of the SMV1 to the highly oriented pyrolytic graphite (HOPG) 
surface (Fig.  1B and SI Appendix, Fig.  S1). Fig.  1C shows the 
details of one SMV1 particle where a single tail (top right) can 
be observed.

Because the measurement of the virion width can be affected 
by tip dilation (36), the height of the virus particles (37) is typi-
cally considered to more accurately represent the virion diameter 
(29). The height distribution of ~750 particles (Fig. 1D) revealed 
the diameter of the SMV1 virions to be ~75 nm, with a dispersion 
of tens of nm, reflecting the pleomorphic nature of the lemon- 
 shaped particles and their deformation on the surface (37). This 
result is compatible with the diameter of SMV1 particles measured 
from negatively stained SMV1 virions observed by transmission 
electron microscopy (TEM) (Fig. 1 A and D).

Changes in Virion Stiffness and Topography under Punctual 
Loading Forces. To study the mechanical properties of SMV1 
virions, we performed a series of indentation experiments on the 
same virus particle (Fig. 2 A and B) and plotted the corresponding 
force- indentation curves (FIC; Fig. 2C). Each FIC presents the 
data of punctual deformation of a virion inflicted at the particle 
apex, where the indentation force is recorded as a function of the 
virus deformation (23, 28, 38). The typical FIC measurements 
performed on SMV1 particles begin with an elastic deformation 
of the virion during the first ~20 nm of indentation (Fig. 2C), 
which corresponds to a spring constant value (stiffness) of 0.01 
N/m (SI Appendix, Fig. S2A).

Upon further indentation from 20 to 60 nm, the slope of the 
FIC decreased, until the AFM tip reached the surface of the sub-
strate. Subsequent topographies of the SMV1 particle after per-
forming consecutive FIC experiments (SI Appendix, Fig. S2B) 
with increasing forces (up to 10 nN) did not reveal any alteration 
of the virion structure (Fig. 2B). Consecutive indentations had 
limited effect on the virion height (Fig. 2D and Movie S1). 
Collectively, these data demonstrate that SMV1 has a remarkably 
soft virion, largely devoid of fragile fracture and capable of with-
standing successive deformations without evident damage.

Stress Evolution and Mechanical Tomography. To further explore 
the biomechanical properties of the SMV1 virions, we carried 
out the cyclic loading experiment, during which the virions are 
imaged consecutively applying forces of a few hundreds of pN 
(39). In contrast to other viruses with protein capsids, SMV1 can 
be mechanically probed tens of times at constant force without 
showing any alteration (SI Appendix, Fig. S3 A and B and Movie 
S2). We also stressed the virus particles by cyclically alternating 
high and low forces (Fig. 3 and SI Appendix, Fig. S3C and Movies 
S3 and S4). For instance, Fig. 3 A, #1 shows an intact SMV1 
particle which has been imaged at a force of 100 pN. The same 
virus particle was subsequently subjected to 200 pN (Fig. 3 A, 
#2), showing conspicuous structural changes and deformation. 
However, when the force was set back to 100 pN (Fig. 3 A, #3), 
the virus topography reverted to the one observed at the onset of 
the experiment (#1). Applying an even higher force of 500 pN D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 I

N
ST

IT
U

T
 P

A
ST

E
U

R
 M

E
D

IA
T

H
E

Q
U

E
 S

C
IE

N
T

IF
IC

 o
n 

O
ct

ob
er

 1
2,

 2
02

3 
fr

om
 I

P 
ad

dr
es

s 
15

7.
99

.1
74

.2
14

.

http://www.pnas.org/lookup/doi/10.1073/pnas.2307717120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307717120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307717120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307717120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307717120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307717120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307717120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307717120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307717120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307717120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307717120#supplementary-materials


PNAS  2023  Vol. 120  No. 42  e2307717120 https://doi.org/10.1073/pnas.2307717120   3 of 9

(Fig. 3 A, #4) resulted in more pronounced virion deformation 
and shrinkage in the lateral dimension compared to the virion 
subjected to the 200 pN force (Fig. 3 A, #2). Strikingly, when 
the imaging force was set back to 100 pN, the virion regained its 
initial appearance (Fig. 3 A, #5 and Bottom Right). This ability to 
recover is a consistent, inherent property of the SMV1 virions, 
which was evidenced in ~10 particles during nine consecutive 
loading cycles with forces increasing up to 1,100 pN (Fig. 3B). 
Remarkably, SMV1 particles can reach a maximum strain of 80% 
at 800 pN (Fig. 3B) with little signs of structural alteration, as 
revealed by the topographical profiles obtained at each force (Fig. 3 
A, Bottom Right). Any increment of the force beyond this value 
does not achieve further virus deformation (Fig. 3B). These results 
indicate that both capsid and cargo are capable of large reversible 
deformation without breakage.

Fig. 4 A and B show the topography of the same SMV1 particle 
at 100 pN and 1,100 pN, respectively. These numbers mark the 
lowest and highest values of the forces used, which induce gradual 
deformations of the virus particle (Fig. 4C). When using a force 
of 1,100 pN, the virion appears laterally shrunken and vertically 
deformed, revealing a flat area (circle in Fig. 4 B and C, light blue) 
which accounts for ~20% of the virion surface. Fig. 4D shows 
evidence of the height change induced by 800 pN at the plateau 
region for several virus particles.

Dehydration Leads to Genome Externalization, Decreasing SMV1 
Volume. Upon adsorption to the surface, the volume of virus 
particles reduces due to desiccation, which sometimes results in 
genome ejection (40). Notably, when the DNA is completely 
externalized, the virus particle collapses wall to wall. However, 
when the DNA is not ejected, the virus particles only decrease 
in volume due to dehydration (35, 40). Other than volume 
reduction, the topography of the SMV1 particles revealed intact 
and flat structures (Fig. 5A). Upon desiccation, ~50% of the SMV1 
virions are intact (Fig. 5B, bottom virus), although the height is 
reduced from 80 nm in hydrated state to 50 nm after desiccation 
(Fig. 5C). The other 50% of SMV1 particles undergo genome 
ejection and appear collapsed wall- to- wall (Fig. 5B, top virus), 
presenting a height of 11.5 nm (Fig. 5C). This value is compatible 
with two stacked SMV1 capsid walls (16). Considering that in 
these collapsed particles, most of the genome has been ejected 
(Fig. 5B, top virus), we envisage that the differences between the 
heights of the intact dehydrated SMV1 and the collapsed particles 
(Fig. 5C, ~38 nm) correspond to the genomic cargo. The analysis 
of the SMV1 volumes shows a median of 2.5 × 106, 7.8 × 105, 
and 5.4 × 105 nm3 for hydrated, dry intact, and dry flat particles, 
respectively (Fig. 5D). These data indicate that after desiccation, 
the major determinant for the volume decrease observed in flat 
particles corresponds to the cargo externalization.

Fig. 1. SMV1 topography. (A) TEM micrograph of SMV1 particles. (B) SMV1 particles on HOPG observed by AFM. (C) SMV1 particle showing details about the 
tails and body. (D) Comparison between the AFM height of the particles and their diameter of TEM data.
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Discussion

Here, we explored the biomechanical properties of the extremo-
philic archaeal virus SMV1. Our measurements of elasticity indi-
cate that the protein capsid of SMV1 (16) has a stiffness as low as 
0.01 N/m (Fig. 2B and SI Appendix, Fig. S2), which is ~1/30 of 
the stiffness measured for mesophilic viruses with protein capsids 
such as adenovirus (0.6 N/m) (41, 42) or minute virus of mice 

(Parvoviridae; 0.58 N/m) (43). Furthermore, the SMV1 spring 
constant is not only considerably lower than those determined for 
enveloped viruses such as influenza (0.02 N/m), HIV- 1 (0.2 
N/m), SARS- CoV- 2 (0.013 N/m) or internal membrane contain-
ing viruses, such as PRD1 (0.02 N/m) (33, 34, 44, 45), but also 
up to 10 times lower than the stiffness of membrane vesicles with 
and without integral proteins (46–48). However, SMV1 and other 
lemon- shaped virions do not contain an external or internal 

Fig. 2. Evolution of stiffness and topography under consecutive single indentations. (A) Initial AFM image of SMV1 before indentation. (B) Topography of the 
previous virus after four indentations. (C) Consecutive FICs performed on the same SMV1 particle. (D) Height variation evolution of 5 SMV1 particles (gray) showing 
that the virus particles remain mainly intact (average in black) within ~5% of the average height.

Fig. 3. Mechanical fatigue of SMV1 particles with alternated force values. (A) Topography evolution of SMV1 particle while scanning the particle consecutively 
with alternated periodic forces. The applied force is shown in the upper left corner of each frame. The last panel (Bottom Right) shows the evolution of the profile 
marked with arrows in A. #1 for each force. (B) Strain evolution for several SMV1 virions. The strain was calculated as the coefficient of the maximum height at 
each force divided by the initial maximum height at 100 pN. The color code is the same as in the profiles panel of A.D
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membrane layer (16, 18, 19), suggesting that the protein capsid 
of SMV1 exhibits mechanical properties akin to those of lipid 
membranes (49) (SI Appendix, Table S1). In addition, the con-
tours of the force curves (Fig. 2C) are very different compared to 
those obtained for viruses with fragile protein capsids (SI Appendix, 
Fig. S4, black line) (23, 50, 51), but similar to those reported for 
membrane vesicles (SI Appendix, Fig. S4, red line) (46, 47, 52) 
and foam- filled tubes (53), although with a stiffness about 10 
times lower.

Similar to lipid vesicles (47), SMV1 particles can withstand 
large deformations without breaking. Fig. 2B shows that SMV1 
particles retain the same height and shape after five indentations, 
reaching 80 nm of deformation at 10 nN (Fig. 2C). Since the 
height of the SMV1 particles is around 80 nm, this means that 
the tip goes all the way down across the virus structure without 
inducing permanent breakage. Consecutive imaging of SMV1 
with alternating low/high forces informs about the deformation 
of every pixel on the virion surface under mechanical stress 
(Fig. 3A). Such mechanical tomography reveals that the virus par-
ticle decreases/increases both the height and lateral dimensions in 
a cyclical way, without showing any signature of structural dis-
ruption (Fig. 3B). Every time the AFM tip is deforming a pixel 
during the imaging process, the material of the virus, both the 
external capsid and the internal cargo, yields and accommodates 
reversibly to the mechanical stress induced by the AFM tip (Figs. 4 
and 6). Interestingly, for a force higher than 0.8 nN, the particle 

does not deform any further (Figs. 3B and 4C), revealing a plateau 
in the center of the virus body (Fig. 4B, dashed circle). The height 
of this plateau measured for various virus particles (n = 11) was 
determined to be 17 ± 5 nm (Fig. 4D). Given that the wall thick-
ness of the SMV1 capsid is ~7 nm (16), the plateau likely repre-
sents a capsid region collapsed wall- to- wall, largely devoid of 
internal cargo in that region. This fact suggests that under the 
pressure exerted by the AFM tip, the virus contents flow and can 
migrate to other parts of the capsid lumen (Fig. 6B). However, 
when the AFM tip pushes outside the plateau, the internal cargo 
leaves the region partially, although the strain is still reaching about 
70% (Fig. 4C, light blue). The AFM tip hits the virion ~3,000 
times per frame with jumping mode (54), where a force curve is 
performed at every pixel of the virus particle during ~5 ms (39). 
Since the maximum virus deformation is about 50 nm (Fig. 4B), 
it is possible to estimate that the virus cargo moves at a speed of 
the order of 10 nm/ms inside the capsid lumen when it is probed 
with the AFM tip. This result indicates that SMV1 cargo, includ-
ing DNA and proteins (16), has a fluidic behavior. In many bac-
teriophages and other viruses with protein capsids, the virion core 
is condensed and organized into layers (55), showing a Young’s 
modulus ~1 MPa in a semisolid state (42, 56). Cryo- EM analysis 
of the bicaudavirus virions showed that the lumen of the virions 
is homogeneously filled with unstructured material (16, 18). Our 
data suggest that a nucleoprotein core can flow and be redistrib-
uted within the lumen every time the AFM deforms the SMV1 

Fig. 4. Squeezing SMV1. (A) Topography of SMV1 at 100 pN. (B) Topography of the same particle obtained at 1,100 pN. The white circle marks the plateau where 
the maximum deformation occurs. (C) Topo profiles at increasing forces were obtained between the arrows of (A). (D) Box plot showing the virus height for low 
(black) and high forces (blue) for several viruses.
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structure (Fig. 6). Extreme fluidity of the SMV1 nucleoprotein 
cargo suggests that the latter is neither solid nor crystalline, unlike 
in other studied viruses (55). In fact, at maximum stress, the 
apparent volume decreases by ~88% of the value obtained at low 
force (Fig. 4B), indicating that just 12% of the SMV1 structure 
does not yield under mechanical stress.

The packing fraction indicates the portion of volume that the 
viral genome occupies inside the capsid lumen. Viruses with ico-
sahedral capsids and highly condensed genomes, which induce 
internal pressures of tens of atmospheres (25, 26, 42, 57, 58), 
exhibit packing fractions close to 50% (59). In a rough approxi-
mation that considers the nucleic acid molecules as cylinders, and 
knowing the internal volume of virus capsids, it is possible to 
estimate that the minute virus of mice, bacteriophage φ29, and 
lambda phage present packing fractions of 46%, 44%, and 34%, 
respectively. These viruses exhibit brittle fracture (SI Appendix, 
Fig. S4) under mechanical deformation and their cargoes are 
known to be quite rigid (42, 55). What is the packing fraction of 
the cargo within the SMV1 capsid lumen and is it compatible 
with the cargo’s extreme fluidity? Very little is known about the 
nature, organization, and physical state of the SMV1 cargo. 
Dehydration data (Fig. 5) help to roughly estimate the packing 
fraction of the SMV1 core. If the volume reduction from intact 
(Vi ≈ 7.8 × 105 nm3) to flat dry SMV1 particles (Vf ≈ 5.4 × 105 
nm3) is due to the cargo release (Fig. 5) (40), the coefficient Vf/

Vi is ~70%, which means that 30% of the intact SMV1 dehy-
drated volume corresponds to the released cargo (Vc ≈ Vi–Vf = 2.4 
× 105 nm3). It has been suggested that dsDNA strands exhibit 
similar diameter in both liquid and air conditions when imaged 
with AFM (60), without significant change of volume upon dehy-
dration. Although the cargo is homogeneously distributed within 
the capsid lumen, both mechanical tomography and dehydration 
indicate that desiccation compacts this cargo because of the cap-
illary forces present during the last stages of desiccation (40). 
Therefore, it is possible to assume that the value of compacted 
genomic cargo (Vc) in hydrated SMV1 particles is very similar to 
that in dry particles. Hence, a lower limit to the packing fraction 
for SMV1 can be estimated with the coefficient between the vol-
ume of hydrated SMV1 (Vh ~ 2.3 × 106 nm3, Fig. 5D) and Vc, 
i.e., Vc/ Vh ≈ 0.11 (~11%). SMV1 packs 48,775 bps of dsDNA 
(61), that if it is considered as a cylinder of 1.1 nm in diameter, 
results in a volume of VDNA= 6.4 × 104 nm3. Therefore, the packing 
fraction of just the dsDNA would be VDNA/Vh= 0.027 (~3%). 
The comparison of this value with our results indicates that SMV1 
packs accessory proteins, in agreement with the previous results 
(16, 61, 62). Our data indicate that the accessory proteins in the 
nucleoprotein cargo of SMV1 outnumber the genomic dsDNA 
with a factor of ~11/3 = 3.7. Consistent with this result, the major 
virion protein, which for a long time was assumed to represent 
the major capsid protein of bicaudaviruses (6, 15, 18, 63), turned 

Fig. 5. Dehydration of SMV1. (A) Large area image (6 × 6 µm2) after dehydration of SMV1 particles adsorbed on HOPG where the ejected DNA can be seen like 
yellow fibers. (B) Close topography (800 × 800 nm2) showing wall- to- wall collapsed (Up) and intact (Bottom) viruses, the ejected cargo is in yellow. The color scale 
at the center works for A and B. (C) Profiles of intact hydrated, intact dehydrated, and wall- to- wall collapsed dehydrated virus (black, red, and blue, respectively). 
(D) Box chart of volume for hydrated, dehydrated intact, and dehydrated collapsed virus. Each data point corresponds to a single particle.
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out not to participate in the capsid formation and instead was 
reassigned to the nucleoprotein core (16). In fact, our AFM topog-
raphies of dehydrated SMV1 particles (Fig. 5B) reveal a grainy 
structure around the collapsed virions, which is compatible with 
DNA bound by proteins, as we have previously observed in human 
adenovirus (41). The proposed packing fraction (11%) is probably 
a lower limit because of the effects of dehydration on the volume 
of core proteins and DNA. Nevertheless, if dehydration reduces 
the volume of proteins and dsDNA by half, the resulting packing 
fraction would be 22%, which still is very low compared with 
other viruses. In any case, it is evident that the low packing of 
SMV1 facilitates the SMV1 nucleoprotein fluidity.

SMV1 virions can undergo massive architectural rearrange-
ments resulting in the development of one or two tails (64) that 
may be used to deliver the genome into the host. It has been 
hypothesized how unduloids used to model ATSV capsids (20) 
can store elastic energy in the structure while forming the bulge 
inside the virion, being able to withstand pressures up to 10 
atmospheres (65). This transformation gradually yields virions 
that are 300% longer than the initial tail- less particles (18). Such 
reorganization is in stark contrast to other viruses with protein 
capsids, where the structural transformation due to maturation 
takes place in a single step and is far less dramatic. For instance, 
P22, Phi29, and HK97 bacteriophages increase their capsid sizes 
by just ~10%, showing stiffness 10 times larger than that of 
SMV1 and brittle fracture (25, 51, 66). The biomechanics of 
SMV1, exhibiting nucleocapsid fluidity and low stiffness, is likely 
to be linked to its enormous morphological plasticity, which 
would be inconceivable in the case of stiff and brittle capsids with 
positionally ordered capsid proteins (7, 67, 68). A theoretical 
model of the ATV capsid (20, 65) predicted the cargo to be an 
isotropic fluid which is able to double its density during tail 
growth. Dharmavaram et al. (20) proposed that archaeal 

lemon- shaped viruses are in a smectic liquid crystalline state that 
supports their transformation ability. They envisaged that the 
smectic state of the capsid undergoes large- scale changes without 
prohibitive energy penalty. Their predictions of the local elastic 
response against bulge formation are fully compatible with our 
experimental results. In addition, they showed that at mechanical 
equilibrium, besides the sphere and cylinder geometries, the shape 
of a “liquid” unduloid shell enclosing a volume under uniform 
pressure is expected to possess a surface of constant mean 
curvature.

The isotropic fluid nature of the cargo is consistent with the 
low packing fraction that we estimated for SMV1. Instead, unlike 
any other group of known viruses with protein capsids, SMV1 
behaves as a “protein vesicle,” being capable of high deformation 
and energy absorption driven by the shear between the shell and 
the fluid core and the high malleability of the capsid. Cryo- EM 
has revealed that SMV1 virion is built of seven helical filaments 
with hydrophobic interactions between them (16). Due to the 
nonspecific nature of hydrophobic interactions and lack of appar-
ent contact between the capsid shell and the nucleoprotein cargo, 
as shown in the current study, these filaments can slide past each 
other to adapt the protein shell to the deformation induced by 
either the mechanical stress, as studied here, or during virion trans-
formation into a tube which takes place in vivo (69). It is exten-
sively described how the hydrophobic interactions can stabilize 
protein structures (70) for native oligomers such as vault particles 
or even for misfolded proteins (71, 72). Similar to SMV1 virions, 
vault particles can withstand mechanical fatigue and stress cycles 
and recover from mechanical assaults (73, 74). These molecular 
containers are also endorsed with a filamentous helicoid structure 
sustained by the hydrophobic interactions between protein fila-
ments (75). Thus, the unique properties of the SMV1 virions can 
be explained by a combination of: i) the membrane- like protein 

Fig. 6. Recreation of the SMV1 particle mechanical tomography. (A) SMV1 virus particle imaged at low force without presenting deformation (Top). The black line 
represents the apparent height profile at every pixel, which coincides with the actual virus topography (Bottom). (B) The same virus at high force (Top) shows a 
depressed apparent plateau (Bottom, black line) that forms only at the pixel where the tip is touching the virus (Bottom, capsid cartoon). (C) The same virus imaged 
again at low force (like in panel A) shows no apparent damage (Top). Again, the height profile at every pixel coincides with the actual virus topography (Bottom).
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capsid which due to its inherent fluidity mediated by hydrophobic 
interactions, just like bona fide lipid membranes, has the ability 
to “heal” after mechanical assaults, and ii) the fluid nature of the 
nucleoprotein cargo, which unlike in other helical viruses, such 
as archaeal adnaviruses (10) or tobacco mosaic virus (76), is not 
fixed in the virion lumen through interaction with the capsid shell.

The SMV1 biomechanics may also have implications on its 
stability at high temperatures. For a harmonic oscillator with a 
spring constant k at temperature T, the thermal energy can be 
equated to the vibrational energy as 1

2
kBT =

1

2
k < x2 > (77) 

where kB is the Boltzmann’s constant 1.38 × 10−23 J/K, T = 348 
K (SMV1 growth temperature) and x the amplitude of vibration. 
For the sake of comparison, we can estimate the amplitude of 
vibration for human adenovirus and SMV1 at this temperature 
using their respective stiffness of 0.4 nN/nm (41) and 0.01 nN/
nm (Fig. 2C) to be 1 Å and 7 Å, respectively. This results in vibra-
tions of 1% and 7% of their size for adenovirus and SMV1 capsids, 
respectively. Therefore, SMV1 can better absorb the thermal vibra-
tions than adenovirus, which in fact gets destabilized at 40 °C and 
disassembled at 45 °C (78), well below 75 °C.

Materials and Methods

SMV1 Cultivation and Purification. Sulfolobus monocaudavirus 1 (SMV1) was 
propagated in Saccharolobus islandicus CRISPR deletion mutant ΔC1C2 (79). 
The host cell culture was grown in Sulfolobus medium supplemented with 0.2% 
tryptone, 0.1% yeast extract, 0.2% sucrose, and 0.002% uracil (80).

The culture was started from a −80 °C stock. The cells were grown in 50 mL 
of medium at 76 °C with shaking. After 24 h of incubation, the cell culture was 
diluted 20 times in a prewarmed (76 °C) medium, and the growth was continued 
until the culture reached an OD600 of ~0.2. Then, the cells were infected with 
SMV1 stock, and incubation was continued at 76 °C with agitation for 24 h. The 
cells were removed by centrifugation (Sorvall 3000 rotor, 7,000 rpm, 20 min, 
15 °C), virus- containing supernatant was collected, and virions precipitated with 
PEG6000 (10.5% w/v) and NaCl (5.8% w/v) for 2 h at room temperature. The PEG- 
precipitate was then pelleted (Sorvall 3000 rotor, 9,000 rpm, 30 min, 15 °C), and 
the resulting pellet was resuspended in one tenth of the original volume in 20 
mM Tris–acetate (pH6) buffer.

The virus was purified by centrifugation (Beckman SW41 rotor, 38,000 rpm, at 
least 16 h, 15 °C) in CsCl density gradient (final CsCl concentration of 45% [w/v]). 
After the run, the opalescent band corresponding to SMV1 virions was collected. 
The purified SMV1 was stored in CsCl at 4 °C until used.

Atomic Force Microscopy. The sample was first diluted in TMS (50 mM Tris–HCl 
pH 7.2, 80 mM NaCl, and 20 mM MgCl2) buffer and then applied into a freshly 
cleaved highly oriented pyrolytic graphite (HOPG ZYA Quality, Tipsnano, Kristiina 
15- 214, Tallinn, Estonia), incubated for 30 min, and then rinsed five times with 
the same buffer. All the experiments in liquid medium were carried out with 
NANOSENSORS™ qp- BioAC AFM probes, with a nominal tip radius smaller than 
10 nm. The cantilevers were calibrated with Sader’s method for rectangular canti-
levers (81). The spring constants used for the experiments were 0.05 and 0.1 N/m. 
Rectangular silicon- nitride cantilevers (RC800PSA, Olympus, Center Valley, PA) 
with a nominal spring constant of 0.7 N/m were used in air AM- AFM experiments.

Measurements were carried out with a customized AFM (Nanotec Electrónica 
S.L.) using Jumping Plus Mode (54) and Amplitude Modulation AFM (AM- AFM) 
(82). In Jumping Plus Mode, lateral interactions are minimized as the lateral 
displacement is executed when the tip is far away from the sample. The tip 
moves perpendicularly to the surface (z direction) until reaching a certain can-
tilever bending. Once the topographical data are obtained, the tip releases the 
surface and is moved laterally one pixel to repeat the procedure again. In AM- 
dynamic mode, feedback is applied to the resonance frequency, and amplitude 
is modulated.

For the nanoindentation assays, individual particles were deformed with the 
AFM tip by performing single force- indentation curves (FIC) at a constant speed 
(50 nm/s). The first and second FICs were performed with a z piezo displacement 
of 150 nm. Thereafter, z piezo displacement was gradually increased to 200 and 
300 nm. The elastic modulus of the particles was obtained from the linear regime 
of the FIC curves. Both breaking force and critical indentation were defined as 
the point at which a major drop in the normal force was obtained, usually after 
the end of the linear regime (29). All the images and curves were processed and 
analyzed using the WSxM software (83).

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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