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Abstract

Viruses are quasi-inert macromolecular assemblies. Their meta-stable conformation
changes during entry into cells, when chemical and mechanical host cues expose
viral membrane-interacting proteins. This leads to membrane rupture or fusion, and
genome uncoating. Importantly, virions tune their physical properties and enhance
penetration and uncoating. For example, influenza virus softens at low pH to uncoat.
Stiffness and pressure of adenovirus control uncoating and membrane penetration.

Virus and host mechanics thus present new opportunities for anti-viral therapy.



Introduction

Viruses contain a nucleic acid genome in a shell of proteins, and sometimes a lipid
envelope and sugars. They enter cells by interactions with host attachment factors
and receptors (1). Enveloped viruses deliver their genome into the cytoplasm or the
nucleus by fusion of their lipid membrane with a host membrane, in most cases an
endosomal membrane (2). Non-enveloped viruses either directly penetrate a host
membrane, or deliver a subviral particle containing the genome into the cytosol (3).
Both, enveloped and non-enveloped viruses mask their membrane penetrating
peptide typically in a glycoprotein of the virion membrane, within the coat, or in the
virion lumen. Membrane penetrating peptides are unmasked by cellular cues that act
on the virus during entry (1). Examples for cellular cues controlling virus entry are
receptors, enzymes or chemicals, such as proteases, metal ions or reducing agents
(38). More recently, mechanical processes mediated by motor proteins or virus

maturation have been identified to control virus entry.

Mechanics is considered to be a branch of physics that deals with the action of forces
on materials. In biology, cells can sense, generate and bear mechanical forces, and
also convert them into particular responses, for example in processes of mechano-
transduction (4). Unlike cells or organelles, which respond to external forces and
adjust their stiffness to resist tension, viruses are not commonly known to adjust their
mechanical properties under biological force, but rather break or rupture. Such
‘inertia’ offers opportunities for the virus to use mechanical events to break the capsid
open, and release the viral genome for transcriptional activation during entry into
cells. This ‘gem’ highlights how cellular cues modulate the physical properties of

viruses, and how this affects viral entry into cells and infectivity.

Virus mechanics are key for infection

Virus particles (virions) protect the viral nucleic acid, and release it upon instruction by
host cues. They can break inertia, since they are metastable. Meta-stability allows a
stable virion to change its conformation when disturbed. Disturbance can lead to loss
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of infectivity, for example by heating, pressurization, radiation or action of chemicals,
or by anti-viral immunity. Virus particles can also be disturbed by cues from the host,

and thereby gain function in cell entry (1).

In addition, viruses use internal genome pressure to destabilize their capsids.
Bacteriophages, such as phage lambda show an inverse correlation between the size
of packaged genome and the temperature for genome uncoating in vitro (5). Likewise,
AFM force measurements with adenovirus, a non-enveloped eukaryotic DNA virus
and vector widely used in the clinics, provided evidence for internal capsid pressure
of about 30 atm (6). The nature of this internal pressure from hydrated DNA is mainly
entropic, and in part electrostatic. It is similar in extent to the ejection pressure of

herpes virus capsids (7).

Internal capsid pressure not only helps to release the viral DNA from the capsid, but
also strengthens the capsid against external deformation forces, as shown by AFM
experiments with phage lambda ((5), and references therein). Interestingly, the
stiffness of icosahedral viral capsids is reinforced anisotropically, for example with the
least enforcement at the five-fold and the strongest enforcement at the two-fold
symmetry axis. Accordingly, the elastic properties of the penton region around the
five-fold symmetry axis of adenovirus are modulated by host factors, such as integrins
and defensins, which play important roles in virus disassembly in cells (8, 9). This
evidence highlights the importance of capsid mechanics, and how host interactions

tune viral mechanics.

In addition, the concept of pressure-dependent biological function applies to
adenovirus in several ways (see Fig. 1A). The stiffness of the mature adenovirus is
about 20% larger than immature virus, which suggests that the internal pressure of
mature virus is larger than immature virus (6, 10). This was confirmed by virus
disruption experiments using atomic force microscopy (AFM), where the mature core
(which is the viral DNA-protein complex) was spread out to a larger area and was
more accessible to a fluorescent DNA-binding dye than the immature core upon
disruption (11). Thus, pressurization during proteolytic virus maturation destabilizes

the virion, and brings it into a metastable state, where the low activation energy



barrier to disruption facilitates the release of penton, exposes the lytic protein VI, and
eventually leads to genome release. This scenario likely explains why the immature
virus TS1 is uncoating-defective, when it enters cells in a CAR (coxsackievirus
adenovirus receptor) and integrin-dependent pathway like wild type virus - yet unlike
wild type does not shed the fibers, does not expose the membrane lytic protein VI and
cannot penetrate through the endosomal membrane (8). All these data show that
virus pressurization is an evolutionarily conserved mechanism used in
bacteriophages and today’s human viruses. In particular, physical properties of virions
facilitate infectious uncoating triggered by host cues, and offer new possibilities for

therapeutic interventions.

Mechanical properties of influenza virus change upon host cues

Influenza virus passes through acidic endosomes, an essential step for uncoating and
infection (1, 2). While residing in low pH, protons pass through the viral ion channel
M2 into the virus lumen, and there separate the viral ribonucleoprotein cores (VRNPs)
from the M1 protein by inducing a conformational change in M1 (see Fig. 1A). This is
consistent with the observation that the M1 protein has multiple functions in the virion,
and occurs in a ribbon-like form or a coil-structure. Influx of protons into the virion
lumen then softens the viral envelope, most likely by dissociating vVRNPs from the
inner side of the envelope (12, 13). Evidence for this notion was obtained by atomic
force microscopy measurements with both native virions, and ‘bald’ particles lacking
viral glycoproteins. The latter result implies that low pH induced changes in the viral

glycoproteins do not significantly contribute to softening of the envelope in low pH.

Virus and host mechanics control membrane rupture and genome
uncoating

Besides mechanics of the virus, mechanics of the host have been implicated in virus

entry based on cell biological infection studies with adenoviruses and influenza virus.



A combination of studies including single virus tracking at high spatial and temporal
resolution, fluorescence recovery after photo-bleaching, immunological analyses,
drug interference, electron microscopy and virus retargeting has shown that
adenovirus is exposed to mechanical cues on the cell surface (8). Within the first
seconds of virus interactions with cells, the virus is bound to the receptor CAR and
moves in random motions (see Fig. 1B). It then engages in acto-myosin mediated
slow drifting motions (<0.1 pym/sec), which persist over several micro-meters without
apparent interruption. Slow drifts of virus are interrupted by stalling or short periods of
random motions. Mechanical cues on the virus arise from the slow drifts of CAR, and
the stalling motions of the second virus receptor, integrins. These cues are thought to
be directly transmitted to the virus particle, and lead to mechanical stress, which
initiates the stepwise virus uncoating program at the cell surface. For example,
pharmacological interference with the slow drifts blocks the release of the virus fibers
and the exposure of the membrane lytic protein VI from the inside of the virus, notably

before the virus is engulfed into endosomes.

The exposure of protein VI on the plasma membrane can have several effects. One is
that protein VI binds to phospholipids, and second that it disrupts the membrane. A
recent study has found evidence that the exposure of protein VI on the plasma
membrane from incoming adenovirus leads to small membrane lesions (14). Piercing
of the plasma membrane was demonstrated with the cell impermeable dye propidium
iodide (PI), and it was dependent on protein VI, as indicated by the use of a mutant
adenovirus. Pl becomes fluorescent when it binds to nucleic acids, such as DNA in
the nucleus or RNA in the cytoplasm. Both population measurements by flow
cytometry and single cell / single lesion analyses by confocal microscopy showed that
the exposure of protein VI leads to increased uptake of Pl into the cytosol. This
occurs within a few minutes of virus addition to cells, and individual lesions last for
typically 10 to 20 sec. Interestingly a single cell can have multiple lesions of the
plasma membrane, and these lesions occur repetitively, as long as there is virus
present on the cell surface. Coincident with the influx of PI, the experiments also

showed transient increases of cytosolic free calcium ion concentrations, which



required extracellular calcium. Together, these observations indicate that incoming

adenovirus induces transient lesions of the plasma membrane.

Compromised integrity of the plasma membrane is a severe threat for cell survival.
Eukaryotic cells have evolved multiple repair mechanisms to restore membrane
integrity. For example muscle cells under heavy mechanical load repair lesions in the
plasma membrane by secreting a special set of lysosomes, so called secretory
lysosomes (reviewed in 15). These acidic organelles are frequently located in the cell
periphery. They fuse with the injured plasma membrane depending on cytosolic

calcium ions.

A series of biochemical and genetic experiments has shown that cells inoculated with
adenovirus trigger the secretion of acidic lysosomes, and within minutes release the
lipid hydrolase, acid sphingomyelinase (ASMase) (14). ASMase catalyzes the
breakdown of sphingomyelin to ceramide and phosphoryl-choline, and its absence
from cells is associated with lysosomal storage disorders, such as Niemann-Pick
disease. It has optimal activity at pH 5, but it is considerably active also at pH 7. High-
resolution lipidomic profiling of infected cells showed that incoming adenovirus
triggers rapid and selective increase of ceramide lipid species, dependent on ASMase
activity. Ceramide is a cone-shaped signaling lipid lacking a large hydrophilic head
group, and possibly enhances membrane repair. However, ceramide also enhances
the interaction of protein VI with synthetic or cell-derived liposomes and boosts
liposome disruption (14). Further in vivo experiments then showed that ceramide

accelerates adenovirus endocytosis and penetration from endosomes to the cytosol.

Collectively, these data provide strong evidence for a two-step membrane penetration
process in adenovirus infection. The first step is controlled by the mechanical
properties of the virus and the cell. High internal pressure stiffens and primes the
mature adenovirus for uncoating. It makes the virus receptive for mechanical cues on
the cell surface, which derive from motor-dependent movements and confinement of
virus receptors. The virus exposes its membrane-lytic protein, and triggers a
membrane repair process involving lysosomal secretion of ASMase. The second step

then enhances the levels of ceramide in the plasma membrane, and progressively



increases membrane lesion coincident with virus endocytosis. It is thought that this
occurs by an enrichment of ceramide in virus containing endosomes. Regardless,
ceramide signaling facilitates virus penetration from early endosomes to the cytosol. It
is of interest now to explore if the broken endosomes represent a new class of danger
signal for the cell. Are these endosomes repaired, secreted from the infected cell or
neutralized for example by autophagosomes? It will also be interesting to see if other
non-enveloped viruses use membrane repair processes for infection, and if pro-viral

or anti-viral signals emerge from the broken membranes.

Host mechanics control genome uncoating of adenovirus and
influenza virus

Many viruses including adenovirus infect post-mitotic cells and replicate in the
nucleus. Adenovirus deposits its linear DNA genome but not the viral capsid in the
nucleus, as recently demonstrated by click chemistry-tagged incoming virus genomes
at single molecule resolution (16). The virus uses the molecular motor kinesin-1 to
separate the genome from the capsid (17). This occurs at the cytoplasmic face of the
nuclear pore complex, where the major virus capsid protein docks to the nucleoporin
Nup214. The kinesin-associated light chain 1,2 binds to another virus capsid protein
(protein IX), and the motor domain in the heavy chain gets activated by binding to
Nup358 of the cytoplasmic pore complex filaments. Microtubules are positioned
proximal to nuclear pore complexes, because they have a binding site in the distal
domain of Nup358. This quinary complex of virus, two Nups and two motor
components then executes the disruption of the virus, and coincidentially also in part
the nuclear pore complex. The viral DNA (presumably in a complex with the viral
protein VII) then is imported into the nucleus with assistance of cellular transport
factors, such as importins and transportin. The nuclear import process of viral DNA is
however not perfectly accurate and a variable fraction of the incoming viral DNA is
misdelivered to the cytoplasm (18). This raises questions about innate immune

recognition of the cytosolic viral DNA and possible viral antagonism.



Besides adenovirus, the uncoating of the influenza virus genome is also dependent
on cellular motor proteins, in this case dynein and myosin (19). Within the low pH in
the endosome, influenza virus alters the conformation of the hemagglutinin
glycoprotein, which leads to exposure of the hydrophobic fusion peptide, and fusion of
the viral membrane with the limiting endosomal membrane. The cytosolic RNPs are
dissociated from the site of membrane fusion by a process mimicking aggresome
formation and clearance. This involves the unanchored ubiquitin-binding domain
(ZnF-UBP) and dynein-binding domains of HDACG6 (histone deacetylase 6), as well as
microtubule and actin-based motors (19). Given that the ionic milieu in the endosomal
compartments is subject to regulation, for example late but not early endosomes
contain high potassium and low sodium ions, it can be anticipated that additional cues
act on the endosomal virus. In fact, high concentrations of potassium ions together
with low pH in late endosomes prime influenza A virus for separating VRNPs long

before fusion (20).

Conclusions and outlook

This essay has attempted to integrate physical properties of single virus particles with
mechanical or chemical cues from host cells. Physical and structural virology will
continue to elucidate novel and exciting features of single virus particles, and show
that they are important for infection, virus transmission or vaccination against viral
disease. The full power and importance of these features, however, only comes to
bear if physical and structural features are integrated into the context of cellular or
immunological mechanisms. This approach considers the environment under which
viruses have been selected in the course of evolution. In addition, it is important to
keep in mind that viruses act as a swarm of particles and genetic elements, and a
single virus particle rarely succeeds to infect a single cell. Rather more frequently,
virus particles cooperate or compete during infection. This notion gives raise to the
emerging field of pathogen co-infection, for example virus-virus and virus-bacteria co-

infections.
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Figure legend

Figure 1: Schematic depiction of virus and host mechanics with impact on virus entry

into cells.

A: Proteolytic maturation during adenovirus progeny assembly increases internal
pressure and concomitantly stiffness of the capsid coat (upper panel). Lower panel:
Acid exposure of Influenza A virus, e.g. during entry, leads to proton influx through
the matrix protein 2 (M2) channel into the virion, and reduces viral stiffness by
enhancing rearrangement of internal proteins, including M1 and Vviral

ribonucleoprotein particles (vVRNPs) composed of viral RNA and nucleoprotein (NP).

B: Acto-myosin mediated drifting motions of adenovirus bound to the coxsackievirus
adenovirus receptor (CAR) and virus confinement by integrins on the cell surface lead

to shedding of viral fibers, the first uncoating step in the viral disassembly program.

C: Incoming (fiber-less) adenovirus binds to the nuclear pore complex (NPC) protein
Nup214 by the major capsid protein hexon. The microtubule-dependent motor
kinesin-1 (Kif5C heavy chain) attaches to the capsid by binding of its light chain
Klc1/2 to protein IX (1X). Activation of the motor occurs upon heavy chain binding to
Nup358, and initiates capsid disruption by displacement on microtubules which may
be tethered to the distal domain of Nup358. Concomitantly, capsid disruption removes
Nup62 from the central channel structure of the NPC (but not Nup153 of the nuclear

basket), and viral DNA is imported into the nucleus.
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