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How Cells Tune Viral Mechanics—Insights from Biophysical
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ABSTRACT During replication, the physical state of a virus is controlled by assembly and disassembly processes, when

particles are put together and dismantled by cellular cues, respectively. A fundamental question has been how a cell can

assemble an infectious virus, and dismantle a virus entering an uninfected cell and thereby trigger a new round of infection.

This apparent paradox might be explained by considering that infected and uninfected cells are functionally different, or that

assembly and disassembly take place along different cellular pathways. A third possibility is that the physical properties of newly

assembled viruses are different from the infection-ready viruses. Recent biophysical experiments measured the stiffness of

single Influenza viruses and combined this with biochemical measurements and cell biological assays. Besides inducing the

fusogenic state of hemagglutinin, low pH cues softened the virus and precluded aggregation of viral ribonucleoprotein particles

with the matrix protein M1. The recent experiments suggest a two-step model for Influenza virus entry and uncoating involving

low pH in early and late endosomes, respectively. I conclude with a short outlook into how combined biophysical and cell

biological approaches might lead to the identification of new cellular cues controlling viral uncoating and infection.

INTRODUCTION

Influenza is a devastating human and animal disease, as

indicated by the H1N1 pandemics in 1918 killing

50–100,000,000 people (1), or the H1N1 Swine Influenza

pandemics in 2009 (2). The Influenza virus is difficult to

combat, because high rates of mutation and shuffling of

the genome segments between viruses give raise to new

Influenza strains resistant against vaccines and chemical

inhibitors.

Influenza viruses belong to the family of orthomyxoviri-

dae, and are grouped into three genera—the Influenza A

(IAV), Influenza B (IBV), and Influenza C (ICV) viruses.

These viruses differ from each other in many respects. For

example, IAV and IBV have eight viral RNA segments

and ICV only seven, or the M2 channels from IAV and

IBV have little homology or are lacking in ICV (3). IAVs

comprise seasonal human Influenza viruses, and a range

of subtypes in wild water birds, which are a major natural

host for IAV. IAVs are highly transmissible, and cause

severe disease in humans, with estimations in the range of

several hundred-thousand deaths across the world each

year (4).

IAV is an enveloped particle with two glycoproteins, the

major hemagglutinin and minor neuraminidase, arranged

mostly outside the lipid membrane (for a simplified sche-

matic representation, see Fig. 1 A). The envelope also con-

tains a small disulfide-bonded tetrameric protein M2, which

has one trans-membrane domain and occurs in 4–16 tetra-

mers per virion (5,6). M2 particularly conducts protons at

acidic pH, but other ions, such as sodium and potassium,

can also be transported by M2 (7–10). In acidic endosomes,

this leads to proton influx into the lumen of the virus, and

enhances infection, presumably by helping the capsid to

complete uncoating, as suggested by the use of an antiviral

agent, amantadine, that blocks the M2 channel by steric

hindrance (11–13). Eight segments of the viral genome

are located in the lumen of IAV, and they are in contact

with a soluble viral protein, the matrix protein M1. Deter-

gent solubilization and density gradient centrifugation

studies suggested that M1 can be in a ribbonlike form or a

coil-structure, suggesting that it may have multiple func-

tions in the virion (14). Each of the viral ribonucleoprotein

particles (RNPs) contains a single-stranded negative-sense

RNA (a template for transcription) helically wrapped

around many copies of the nucleoprotein, and one copy

each of the polymerase protein complex (15).

The physical properties of viruses determine how viral

genomes traffic in cells, how they penetrate membranes,

or how they are uncoated from the viruses (16–19).

Uncoating is required for activation of viral trafficking, tran-

scription, and replication, and at the same time provides

signals to the cell for triggering innate immune system

responses (20–22). Viruses control the uncoating of their

genome in many different ways, and each virus family has

probably found a proprietary solution (recently reviewed

in Yamauchi and Helenius (23)). Cellular cues include

receptors, low pH, osmolytes, proteases, or physical forces

by engaging cellular motor proteins (18,24–26).

The simplest forms of viruses, the so-called nonenvel-

oped viruses, lack a lipid envelope. They uncoat their

genome from the protein capsid by exposing or releasing

proteins at strategic steps in entry, and thereby gain

membrane penetration ability with, for example, members

of human adenovirus or picornavirus families (27,28). The
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loss of proteins or the expansion of the capsid, triggered by

low endosomal pH, can perforate a rhinovirus to enable

genome exit (29,30). Alternatively, the loss of proteins

from an adenovirus proceeds in a stepwise manner (31),

starting with the shedding of the fibers at the cell surface

and the exposure of the membrane-disrupting protein, which

is triggered by acto-myosin-mediated motions of viral re-

ceptors (32). Further protein loss makes the genome acces-

sible to small solutes independent of low endosomal pH,

akin to the perforation of rhinoviruses triggered by low

pH (33,34). It is important to note that the infection by

adenovirus is independent of low endosomal pH, implying

that cues other than pH prepare the virus for releasing the

genome when the appropriate subcellular location has

been reached, in this case the nucleus (for a review, see

Wolfrum and Greber (35)).

INFLUENZA VIRUS ENTRY—THE ACID CUES

How do cellular cues control Influenza virus

uncoating?

Enveloped viruses uncoat by fusing their limiting membrane

with a host membrane, typically in an endosome, and

thereby shed their outer layer. Virus-endosome fusion is in

many instances triggered by low endosomal pH, for

example for IAV (36). The endosome step is skipped in

acid bypass assays, where the viral envelope is fused with

the plasma membrane by lowering the extracellular pH

together with adding an inhibitor to block endosomal acid-

ification and thereby precluding the normal infection

pathway, as initially shown for Semliki Forest virus (37).

It has recently been shown that viral fusion with endosomal

membranes is not sufficient, because acid bypass with Influ-

enza A virus strain Panama/2007/99 (H3N2) at pH 5

restored only ~5% of the normal infection (38). However,

if the isolated virus was pretreated with pH 6, the amount

of infection more than doubled in the acid bypass experi-

ment. This boost was completely abrogated by amantadine,

suggesting that the mechanism involved events in the lumen

of the virus.

PHYSICAL PROPERTIES OF VIRUSES—VIRAL

MECHANICS IN ENTRY

To address how chemicals affect viruses, researchers use

atomic force microscopy (AFM) measurements, as has

recently been done with IAV (38). AFM experimentation

with viruses is typically conducted in two steps: Imaging

occurs in so-called tapping mode with low indentation force

to preserve the integrity of the virus. The second step occurs

with higher needle force, and is recorded together with

particle deformation. Force indentation profiles bear infor-

mation about the mechanical properties of the viruses. In

particular, because force correlates with indentation until

the virus structure ruptures, this gives insight into the elastic

behavior of the virus on the solid support, with single

particle information. Depending on the thermal fluctuations

of the sample and the diameter of the needle tip, this exper-

iment can give information at high spatial resolution at the

nanometer range. From such measurements, a spring con-

stant (N/m) can be derived, which is meaningful, because

FIGURE 1 How pH impacts on Influenza virus stiffness. (A) Schematic

representation of major structural features of the Influenza A virus,

including the lipid envelope with the glycoproteins hemagglutinin (HA)

and neuraminidase (NA), the M2 channel, the matrix protein M1, and the

viral genome consisting of eight ribonucleoprotein particles made up of

the nucleoprotein (NP) and negative-stranded RNA. (B) Two-step pH-

dependent softening of IAV. (Upper part of panel) Changes in the virus

are represented by four schematic drawings. (Lower part of panel) Simpli-

fied stiffness plot as a function of pH (taken from Li et al. (38)). The con-

version from the neutral to the pH 6 form of IAV is reversible, and first leads

to a softening of the glycoprotein layer (represented by shaded circles in the

schematic figure). A small amount of protons will enter into the lumen of

the virus through the M2 channel, although this process is thought to be

inefficient, because the ion conductance of M2 is generally low at neutral

or slightly acidic pH, and there are only a few M2 channels in a single

virion. Regardless, protons or other endosomal cues prime the interior of

the virus, as indicated by the M1 proteins (blue-shaded) in the viral lumen.

This step might occur in early endosomes but it is unknown whether M1

aggregates. As the virus proceeds to more acidic late endosomes, more pro-

tons flux into the virus lumen through the acid-gated M2 channel, and, it is

thought to lead to disturbance of the M1 layer underneath the viral envelope

(38). To see this figure in color, go online.

Biophysical Journal 106(11) 2317–2321

2318 Greber



it can reveal strengths and weaknesses of the particle and

susceptibility to cellular cues (39,40).

For Influenza virus, a combination of AFM, cryo-EM,

and cell biological experiments was recently used reporting

spring constants of ~0.03 N/m (38). This was surprisingly

low, somewhat higher than liposomes reconstituted from

extracted Influenza virus lipids. The stiffness of Influenza

virus was nearly one order of magnitude lower than that

previously measured for bacteriophages, herpes virus,

adenovirus, hepatitis B virus, parvovirus, murine leukemia

virus, or HIV (19,39,41–46). This low stiffness of Influenza

virus may be due to flexible contacts of the helical RNPs

with the viral envelope, in particular the matrix protein

M1. Remarkably, considerable stiffness variation between

particles was found, and measurements with ~100 particles

were performed to obtain average particle properties (38).

The observed variations may be due to particle size and

shape differences, flexibility of viral constituents, or lack

of M1. The latter had been suggested by earlier cryo-EM

work (47–49).

Interestingly, acidic pH softened the Influenza virus in

two distinct steps (see Fig. 1 B and Li et al. (38)). The first

step was reversible and occurred at pH 6, the pH of early

endosomes. Under these conditions, the glycoproteins soft-

ened—a finding compatible with earlier notions that hemag-

glutinin is less compact at pH 6 compared to neutral pH

(50). The second softening step was irreversible and

occurred below pH 6, representing conditions in late endo-

somes or lysosomes triggering the conversion of hemagglu-

tinin to the fusion active state. This irreversible step was,

however, independent of the glycoproteins, because it also

occurred with bald viruses, which lacked the glycoproteins

as a consequence of protease treatment, and the stiffness

of the envelope remained constant below pH 6. The irrevers-

ible pH step was dependent on amantadine, implicating soft-

ening events in the lumen of the virus. Cryo-EM data further

suggested that low pH dissociated the M1 layer underneath

the viral envelope. This was in agreement with previous

cryo-electron tomography studies showing that a 5-min

exposure of Influenza virus to pH 4.9 increased the propor-

tion of virions lacking an M1 layer from 10 to 50% (51).

One can speculate that a loosely organized protein layer is

less stiff than a well-organized layer (52,53).

What does a late penetrating virus gain in early

endosomes?

The combination of acid bypass assays, cryo-electron

microscopy, and AFM measurements further showed that

two pH steps softening IAV are important for infection

(38). The priming step in early endosomes occurred at the

slightly acidic pH of ~6. This leads to reversible softening

of the viral glycoproteins, apparently without affecting

the M1 layer in the viral lumen. It is possible that M1-

RNP interactions are weakened if the virus takes a bath at

pH 6 (54–56). This priming appears to be important to

preclude that M1-RNPs aggregate by immediate exposure

to low pH prevalent in late endosomes (48). That M1-

RNP interactions need to be dissolved for successful

infection has been shown in earlier cell biological experi-

mentations (11,12).

OUTLOOK

Emerging questions from these experiments are the effect of

protons and possibly other ions within the Influenza virus: Is

it the disruption of the M1 layer and/or the dissociation of

the M1 from the RNPs? The latter could occur distant

from the M1 layer in the viral lumen. How does the structure

of the genome respond to changes of the ionic environment?

Such questions can be answered by biophysical

approaches using intact viruses in combination with cell

biological assays taking into account that the luminal envi-

ronment changes along the viral entry pathway (57). It will

be important to define the in vitro uncoating conditions as

close as possible to the conditions prevalent at the site of

virus uncoating in cells. This requires consideration of mul-

tiple factors, such as the ionic milieu, pH, proteases, the

reductive potential, and the mechanical forces.

The implementation of physical measurements of viruses

and cells opens new ways to analyze virus entry into host

cells. For example, different levels of acidic pH in the endo-

somal pathway of Influenza virus exerted different effects

on the virus, besides inducing the fusogenic state of hemag-

glutinin (38). In addition to low pH, other cellular cues from

endosomes may also be important for Influenza virus infec-

tion, as suggested by the observation that a stepwise acid

bypass (depicted in Fig. 1) achieved only ~14% of the

maximal infectivity. One way to hunt for such cues can be

to use agents blocking vesicular trafficking (58,59). This

would arrest the viruses in early endosomes, and expose

them to a defined local environment. Washing in acidic

pH together with other ions using, for example, ionophores

(60), may then restore viral uncoating and infection to even

higher levels than acid bypass from the plasma membrane.
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