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Abstrakt

Všechny domény života od baktérií až po eukaryota mají své viry. Virus musí
najít specifický receptor na buněčném povrchu hostitele, na který se naváže, čímž
započne infekce. Následně virus doručí svůj genetický materiál do buňky hostitele.
Avšak pro většinu virů je princip tohoto mechanismu na úrovni molekul pořád
neznámý. V této dizertační práci se zabývám molekulárnímy mechanismy vstupu
virů do buňky hostitele, které jsem studoval na třech virech – na bakteriofágu P68
infikující buňky Staphylococcus aureus, a na lidských virech z rodu Enterovirus –
rhinoviru 14 a enteroviru 18. Struktura bakteriofága P68 byla vyřešena kombinací
metod kryo-elektronové mikroskopie a röntgenové krystalografie. Srovnáním struk-
tur bakteriofága P68 v různých fázech vypuštění genomu jsem navrhl mechanismus
doručení genomu fága do buňky. Tyto výsledky pomohou k lepšímu porozumění
architektury fágů z čeledě Podoviridae a můžou vést k zlepšení fágové terapie proti
S. aureus.

Komplex rhinoviru 14 a jeho receptoru ICAM-1 byl vyřešen pomocí kryo-EM
s rozlišením 2.4 Å. Dokázal jsem, že receptor ICAM-1 spouští molekulární spínač
skrytý uvnitř virové kapsidy, který je nezbytný pro vypuštění genomu z viru. Taky
jsem identifikoval strukturovanou část RNA genomu, který interaguje s kapsidovým
proteinem uvnitř nativního rhinoviru 14. Na základě biochemických experimentů
a struktur rhinoviru 14 v různých prostředích jsem navrhl precizně organizovaný
mechanismus, který kontroluje načasování vypuštění genomu rhinoviru 14 do lidské
buňky. Společně se strukturou echoviru 18, u kterého jsme popsali nový mechanis-
mus vypuštění genomu - virus odklápí jeden nebo víc pentamer z kapsidu - ukazuje
kombinace těchto dvou studií kompletní mechanismus od navázání viru až po vy-
puštění genomu do lidské buňky. Tyto poznatky můžou pomoct při vývoji nových
antivirotik cílících na počáteční kroky infekce viru z čeledě Enterovirus.





Abstract

Viruses have evolved to infect all domains of life – from bacteria to eukaryotes.
The virus must encounter and bind a specific receptor on the cell’s surface to start
the infection. Then, the virus delivers its genetic material into the host cytoplasm.
However, for most viruses, it is still unknown how the genome release mechanism is
controlled at a molecular level. Here I present my structural work on three viruses –
bacteriophage P68 infecting Staphylococcus aureus, and rhinovirus 14 and echovirus
18 from genus Enterovirus infecting humans. The structure of bacteriophage P68
was solved by a combination of cryo-electron microscopy and X-ray crystallography.
Based on the comparison of structures of phage P68 in different stages of the genome
release, I proposed a mechanism of the cell entry.

The results may lead to improved phage therapy and a better understanding of
the assembly of bacteriophages from the family Podoviridae infecting gram-positive
bacteria. The rhinovirus-14-ICAM-1 structure was solved by cryo-EM to the resolu-
tion of 2.4 Å. I proved that the receptor ICAM-1 triggers a molecular switch inside
the capsid, necessary for the virus to release its genome. Additionally, a structured
part of the RNA genome interacting with capsid protein was identified. I proposed
orchestrated steps triggered by binding of ICAM-1, which eventually result in un-
coating of the viral genome. Along with the structure of the echovirus 18 expelling
pentamers to release its genome, the structural analysis of rhinovirus 14-ICAM-1
complex provides a seamless mechanism of initial stages of infection of Enteroviruses
from the initial receptor binding to final genome release into the host cytoplasm.
Our findings uncovered mechanisms of the initial steps of Enterovirus infection that
could be targeted by antiviral drugs.
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Chapter 1

Introduction

1.1 Structural Biology
When you ask a structural biologist why the structures of biomolecules are important,
they will probably mention their field’s unofficial motto:"Structure is the function".
Most regular people cannot imagine what does that mean. Here I will try to explain
it with an example. Imagine a car. You can see that the car is moving forwards
and backwards; it can turn right and left, it can even break. However, this is only a
macroscopic view of the car. You can see the car as a big moving box. To figure out
how and why the car is moving, you need to open the car’s hood and look into the
engine. There you will find cylinders, o-rings, pipes, etc. With that information, you
can figure out the working principle of an engine and thus why the car is moving.
Now we will move to the nanoscopic world of molecular machines. Probably the
most famous molecular machine is a ribosome. Before the structure of the ribosome
was determined, it was known that it translates information from mRNA to protein
sequence [1]. However, the working principle of the ribosome remained unknown.
To figure it out, decades of hard work were dedicated to the determination of ribo-
some structure. Ada E. Yonath, Venkatraman Ramakrishnan, and Thomas A. Steitz
shared the 2009 Nobel Prize in Chemistry for the solution of the ribosome [2]. At that
time, X-ray crystallography dominated the field of structural biology. Nowadays, the
ribosome structure can be solved within a day using cryo-electron microscopy. This
has fulfilled a ’dream’ method of Richard Feynman, who once famously said, "It is
very easy to answer many fundamental biological questions; you just look at the
thing!" [3].

1.2 Transmission Electron Microscopy
The working principle of TEM is very similar to that of the light microscope. How-
ever, instead of a source of visible light, the electron microscope is equipped with a
source of electrons. The rationale behind using electrons is their short wavelength
which can be up to 100,000× shorter that of the visible light [4]. The resolution of
imaging instruments, including microscopes, is limited by the wavelength the instru-
ment uses for imaging and the size of the objective lens aperture. Thus, without

– 1 –



2 1. Introduction

using super-resolution techniques, it is not possible to resolve two points located to
each other closer than half the wavelength of the imaging light [5, 6]. Conventional
light microscopes use wavelengths ranging from 400-700 nm [6, 7]. Thus, the resolu-
tion limit of the visible light microscopy is somewhere around 200 nm, which is not
sufficient for resolving individual atoms [7]. To beat the resolution limit, one needs
to use illumination with a shorter wavelength. One of such probes is electrons [4].
The wavelength of an electron can be calculated thanks to Louis de Broglie, who
showed that every particle or matter propagates like a wave [4, 8].

λ = h

p
(1.1)

where λ is the wavelenght of the particle, h is Planck’s constant, and p is the mo-
mentum of the particle. Since the momentum of the particle is the product of mass
and the velocity of the particle, we can write the equation as

λ = h

mv
(1.2)

The relationship between the accelerating voltage of an electron microscope and the
velocity of an electron is defined as

eV = 1
2mv2 (1.3)

Where e is charge of an electron and V is the accelerating voltage. From which the
velocity of an electron can be calculated

v =
√

2eV

m
(1.4)

When we combine it with the de Broglie equation, we get the wavelength of a prop-
agating electron at a given accelerating voltage

λ = h√
2meV

(1.5)

Now we can calculate the wavelength of an electron because we know that the mass
of an electron is 9.1 × 10−31kg and e = 1.6 × 10−19 C (Coulomb)

λ = 6.62 × 10−34[m2kgs−1]√
2 × 9.1 × 10−31[kg] × 1.6 × 10−19[C] × V [V ]

= 12.25 × 10−10
√

V
(1.6)

Therefore the wavelength of an electron accelerated by 300 kV microscope is 2.24
pm.
Due to the fact, the electrons accelerated by a 300 kV electron microscope reach
velocities around 78% of the speed of light, relativistic effects on the electrons must
be considered. They affect length contraction, time dilation, and an increase in mass
of the electrons used for imaging. After applying the relativistic corrections, the
equation has the form of
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λ = 12.25 × 10−10
√

V
× 1√

1 + ev
2mc2

(1.7)

where c is the speed of light which is 3 × 108ms−1. Thus, the wavelength of the
electrons accelerated by a 300 kV electron microscope is 1.96 pm. Such a wavelength
is short enough to resolve individual atoms. However, microscope imperfections,
sample quality, properties of electron detectors etc., are currently limiting the reso-
lution of reconstructions of biological objects to 1.2 Å, which is on the edge of atomic
resolution [9, 10].

1.2.1 Working principle of TEM
The illumination system of the TEM consists of a source of electrons, double deflec-
tion coils, apertures, two or three condenser lenses, specimen holder, objective lens,
diffraction lens, projector lenses, and detector (Fig. 1.1) [4]. Every lens or group of
lenses has a specific purpose. For example, the condenser system maintains parallel
illumination over the specimen. The objective lens is the most important lens for
high-resolution imaging because it is positioned just below the specimen holder and
focuses the diffracted electrons coming from the sample onto the ’first image plane’.
The focused electrons then reach the projector system which forms a magnified image
of the first image plane on the detector [4, 11].

1.2.2 Imaging with electrons - image formation and diffrac-
tion

Unlike X-rays, electrons interact more strongly and deposit less energy per informa-
tion unit to matter which makes them excellent probes for studying atomic structures
of biomolecules [12]. There are several ways electrons can interact with a sample. The
most important interaction event for gaining structural information is scattering [11].
Scattering can be either elastic or inelastic, whereby the interaction is energetically
lossless, or part of the energy is deposited to the sample, respectively [11]. In conven-
tional diffraction methods only elastic scattering provides meaningful information,
while inelastic scattering contributes to sample damage, noise, and ultimately damp-
ens the maximum achievable resolution [13]. Such radiation damage is observable for
example on electron micrographs of large biological systems such as bacteriophages
(Fig. 1.2).
A TEM image is a result of wave interference. The interference can be either con-
structive when the interfering waves are in phase leading to signal amplification
or destructive when the waves are out of phase, leading to a signal dampening
(Fig. 1.3) [11]. The conditions that need to be met to have constructive interfer-
ence are described by Fraunhofer grating formula

d sin θ = nλ (1.8)
where d is the spacing between diffracting planes, θ is the diffracting angle in respect
to the source, and λ is a wavelength of the diffracting light. As a consequence



4 1. Introduction

Figure 1.1: Schematic representation of a Transmission Electron Micro-
scope. The electron source is producing electrons which are collected by condenser
lens 1 (blue and green beam). Subsequently, the electrons are focused by condenser
lens 2, while some of them are blocked by condenser aperture (green beam). The up-
per objective lens makes sure that the beam hitting a sample positioned at the spec-
imen plane is parallel. The sample then diffracts the incoming electron beam, pro-
ducing electrons carrying information at high and low of frequencies. The diffracted
electrons are collected by the lower objective lens. Electrons diffracting at very high
frequencies (one of the purple beams) are blocked by the objective aperture posi-
tioned at the back-focal plane. The beam then passes through a series of lenses from
which the projector lens system is mostly contributing to the magnification. Finally,
a magnified image is formed at the detector plane. (Inspired by [11])
.
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Figure 1.2: Demonstration of damage caused by electrons to vitrified sam-
ple of a bacteriophage. Panel (A) was exposed to 50 e/Å2. Each subsequent
panel is exposed with the same electron dose, resulting in total accumulated dose of
500 e/Å2 in panel (J). Hydrogen bubbles start to appear around 150 e/Å2 (C).

of the equation, a positive interference occurs only for some scattering angles in
grid spacing (d). The grid spacing d defines the obtainable level of information
(resolution) that comes from the diffraction – smaller d carries finer details about
the sample. Based on the equation, to fulfill the positive interference condition, the
angle of scattering θ must be larger for smaller (d). Therefore, in the back-focal
plane, where the diffraction occurs, the information is sorted in a reciprocal way –
small (d) representing the highest level of detail will be at the edges of the diffraction
pattern (high frequency), while large (d) will be close to the center of the diffraction
image. Such space is referred to as a reciprocal represented by (1/d) distribution of
frequencies. In other words, the back-focal plane represents the Fourier transform of
the sample image. A recorded diffraction pattern does not carry a structural phase
information because the primary and scattered waves are separated. However, in the
image plane (real space) the scattered and primary waves are recombined, resulting
in wave interference.

1.2.3 Contrast and Contrast Transfer Function
Biological molecules such as proteins are mainly composed of low atomic number
atoms, not much different from those of water in which they are diluted. This makes
the amplitude contrast in TEM very low [14]. With the objective lens in focus,
the waves that did not interact with the sample are recombined with the scattered
waves. However, the amplitudes of the scattered waves are much smaller than of the
unscattered ones, and also the phase difference between the scattered and unscattered
beams is only 0.25 λ, so there is very limited interference among the scattered and
unscattered components and thus low contrast [11]. Therefore, a different method
of contrast-enhancement in TEM is needed.
The most widely used contrast enhancing method in TEM is the utilization of phase
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Figure 1.3: Constructive (A) and destructive (B) interference. The parallel
illumination is diffracted at the grating (sample plane) and the scattered waves are
focused by the lens at the diffraction plane (back-focal plane) of the lens. Since the
condition nλ from equation 1.8 is fulfilled the waves in (A) are in phase, which lead
to constructive interference (addition of intensities) at the diffraction plane. On the
other hand, in (B) the scattering angle θ does not suffice the condition in equation 1.8
and therefore destructive interference is observed in the diffraction plane. (Adapted
from [11])

contrast. The phase contrast is introduced by defocusing the objective lens (Fig. 1.4).
This moves the focal point of the objective lens from the specimen plane, usually
by 0.5 µm to 3.0 µm below the sample [11]. As a consequence, a phase-shift is intro-
duced at the back focal plane of the objective lens. In other words, phases of the
scattered waves are gradually shifted with increasing frequency, creating frequency
dependent interference [11]. The interference among the defocused waves forms a
typical oscillatory function that modifies the amplitudes of waves forming a cryo-
EM micrograph – called Contrast Transfer Function (CTF). The shape of the CTF
depends on several parameters where the most important is the above-mentioned
defocus. Since the function is oscillatory, it reaches zero values for some frequencies
which results in a local loss of information [11]. This problem can be overcome by
collecting several micrographs, each with a slightly different defocuses, which, when
combined in a 3D reconstruction fills the missing spectral information [15].

1.3 Single Particle Analysis
’Any sufficiently advanced technology is indistinguishable from magic’ – the Arthur
C. Clarke’s third law [16] can be easily applied to single particle analysis [15]. By us-
ing dozen to millions of noisy black-and-white images which are processed on GPU
cards, one can obtain the goal of every structural biologist – a 3D density map
of the molecule of interest. The possibility of going from noisy 2D images as de-
picted in (Fig. 1.5) to high-resolution 3D map is enabled by two phenomena – i)
the conformation variability of rapidly frozen biomolecules is limited so that devi-
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ation of the position between corresponding atoms, after superposition is within a
few Ångstroms [15] ii) even the noisy images contain enough information for deter-
mination of the orientation of the particle [15]. The first phenomenon is necessary
because biomolecules are extremely vulnerable to electron induced damage (Fig. 1.2)
which limits the maximum possible electron dose that can be used for imaging [17].
Consequently, the signal-to-noise ratio (SNR) in low-dose electron micrographs is
low (Fig. 1.5). To increase the SNR, averaging particles is necessary [15]. However,
averaging the signal without prior orienting the particles to superimpose them would
be useless. Therefore, the second phenomenon is very important as well.
Nevertheless, before the final 3D reconstruction, several preprocessing steps are nec-
essary. We will describe them in the next section.

1.3.1 SPA pipeline
Motion correction The raw data produced by a cryo-electron microscope are in
the format of so-called ’movies’. The micrograph is not acquired as a single image,
but it is composed of dozens of frames, each exposed only to a few electrons per
Å2 [18]. Then by aligning and averaging the frames, a partial correction of the mo-
tion blur is possible. Before the introduction of direct electron detectors (DED), the
beam induced motion [19] combined with low detector quantum efficiency of film and
charge-coupled device (CCD) detector was the main reason which prevented achiev-
ing high-resolution reconstructions [20]. Several programs were developed to cor-
rect the beam induced motion, e.g., Unblur, MotionCorr2, FlexAlign, cryoSPARC,
Warp [21, 22, 23, 24, 25].

CTF determination and CTF correction A CTF parameters estimation is
performed after the motion correction. The first step in CTF estimation is calculating
the Fourier transform of a micrograph. Such Fourier transform of a micrograph
has visible rings called ’Thon rings’ corresponding to the CTF function oscillations
modifying the reciprocal space pixel values. The positions of Thon rings are used for
fitting the CTF function (Fig. 1.4) [26]. When the CTF is fitted, a precise defocus
value of the micrograph can be determined. After estimation of the CTF, the CTF
correction is performed. Since the CTF has several zero values in the Fourier space, a
complete inversion is impossible [15]. The most popular and the simplest correction
is phase flipping. Here, all negative values of the CTF function are flipped to positive
– correct phases are obtained in the Fourier space. This reverts the delocalized signal
in the real space to its original position as visible in (Fig. 1.4) [15]. Software used for
CTF estimation and correction are e.g., CTFfind4, CTER, and gCTF [27, 26, 28].

Particle picking The next step after CTF correction is particle picking and ex-
traction of particles. Micrographs consist of useful areas containing particles and
areas containing noise or contaminants, which should be avoided. The goal of par-
ticle picking is to detect positions of particles of interest in the micrograph and
avoid contaminants and pure noise [15]. Several approaches were developed, from
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the most primitive and tedious manual selection [29] to automatic template match-
ing [30]. However, the most promising are algorithms based on convolutional neural
networks, which are fast and accurate. Software utilizing the neural networks are
for example, EMAN2, crYOLO, and TOPAZ [31, 32, 33]. When the positions of
particles in the micrographs are known, they can be extracted. The extraction step
involves separation of the particle from the micrograph with a sufficiently large box-
size as depicted in (Fig. 1.5). Since the picking of particles is not perfect, the next
steps involve classification and separation of ’good’ particles from the junk.

2D classification 2D classification serves mostly for negative selection of contam-
inants and damaged particles. It also gives a good impression of heterogeneity and
quality of the dataset. The principle of 2D classification relies on averaging of simi-
larly oriented particles, which, as a result, display higher SNR. The orientations are
determined by in-plane rotations (and 2D translations) of the particle images [15].
The most popular algorithms of particle classifications are principal component anal-
ysis [34] and maximum-likelihood method [30].

3D classification To achieve the highest possible resolution, a dataset must be as
homogeneous as possible. Since every population of particles displays some degree
of heterogeneity a more sensitive classification than 2D classification is necessary.
Such subtle differences can be detected and separated by 3D classification. The 3D
classification uses multiple 3D initial models each representing one subset (class)
of particles. The number of classes is defined by the user [30]. The particles are
reconstructed by iterative SPA refinement, and after a few iterations, each particle
is classified into one of the specified 3D classes. Afterward, the user inspects all of
the 3D classes and group particles from similarly-looking classes.

1.3.2 3D reconstruction
The final step is obtaining a 3D cryo-EM map from 2D projections of the same
molecule. A 2D projection can be computed from a 3D map V which is composed
of n × n × n voxels where each voxel has some value. If you draw a line through
the 3D map, then sum all voxel values the line passes through, you will obtain a
pixel value. If you do this for all pixels in the 2D image, you get a projection image
of the given 3D map as demonstrated in (Fig. 1.6) [15]. The 3D reconstruction is
based on such projection images of particles obtained from a microscope. The most
instructive 3D reconstruction algorithm is based on the Fourier slice theorem. It
states the relationship between a 3D map and 2D projection images of the map –
a central slice (passing through the origin) of the Fourier transform of a 3D map is
identical to the 2D Fourier transform of a projection image in projection direction p
being orthogonal to the slice [15].
The basic algorithm works as follows:
1. A large amount of homogeneous particles (projection images) is selected from 3D
classification.
2. Calculate their Fourier transforms.
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3. In the 3D reciprocal space, orient the 2D Fourier transformed particles perpen-
dicularly to their projection direction in the real space.
4. Assign a value (intensity and phase) to each voxel in the 3D reciprocal space. The
value should correspond to values of the neighboring pixels of the 2D FT particles.
This results in a new 3D Fourier volume V2.
5. Calculate the inverse Fourier transform of the V2.

Those are the basics of the 3D reconstruction in a nutshell. The most challenging
task in reconstruction is the determination of particle orientations which is described
in detail in the next paragraph.

Determination of particle orientations After sample preparation, the parti-
cles are oriented randomly in the ice, and their relative orientations (rotations) are
unknown. Therefore, for each particle, three Euler angles describing its orientation
need to be determined prior to the final 3D reconstruction [15]. Without precise de-
termination of the orientations, the 3D reconstruction would be impossible because
correct Fourier values could not be assigned to the corresponding voxels in the final
3D reconstruction.
The generally applied method is based on matching a set of computationally gen-
erated projections of a reference 3D map (also called "initial model") to each par-
ticle image Fig. 1.7 [35]. The reference 3D map can be a known related structure,
or de novo generated 3D volume from a subset of particles by stochastic gradient
descent algorithm. When each particle has assigned three Euler angles based on
the best matching projection, then all particles are fast-Fourier transformed (FFT).
Afterward, the FFT particles are combined together in Fourier space to fill the in-
formation within a 3D Fourier space. Finally, inverse Fourier transform is calculated
from that 3D Fourier space, which results in a 3D real space map of the molecule.
The map is then used for the generation of another set of projections to obtain even
more precise orientations, and the whole process is repeated until convergence [15].
The whole process is shown in (Fig. 1.7).

1.3.3 Localized reconstruction of subparticles
In the previous sections, we described how SPA and 3D reconstruction work. What
we omitted is considering the symmetry of the object and of the reconstruction.
For example, an object with 6-fold rotational symmetry (C6) can be reconstructed
with the same symmetry enforced. The presence of symmetry is of benefit since each
single projection image represents multiple views of the object and thus increases the
number of particles by the symmetry number. However, when parts of the complex
follow different symmetries (e.g. 5-fold and 12-fold), then applying one type of
symmetry leads to losing information about the part of the complex possessing the
other type of symmetry. It is referred to as a "symmetry mismatch problem" [36].
One example is the case of bacteriophage, where capsid has 5-fold symmetry and the
tail has 12-fold symmetry as demonstrated in (Fig. 1.8). To handle this problem,
several approaches were developed, one of them which is referred to as ’Localized
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reconstruction of subparticles’ developed by Juha Huiskonnen and his group [37].
The method relies on handling the subunits of one molecule possessing different
symmetries as two different particles. Taking the bacteriophage as an example, the
head is initially extracted and reconstructed using 5-fold symmetry. Then using the
knowledge of orientations of the bacteriophages in the micrographs (from the 5-fold
symmetry reconstruction of the capsid performed at first) we can draw a vector to
extract the second subunit (sub-particle) and solve the sub-particle structure using
12-fold symmetry. Finally, the two cryo-EM maps can be combined into one, solving
the whole structure of the bacteriophage P68 [38]. The whole process is described in
(Fig. 1.8).

1.4 X-ray crystallography
Unlike electrons, X-ray radiation interacts much less with matter [12]. Therefore,
with common X-ray sources, the scattering from single particles is too weak to be
detected and amplification of the signal is necessary. Crystals serve as natural ampli-
fiers of scattering. They are made of many repeating units – called unit cells – which
amplify the scattering of X-rays in certain directions [39]. The basic diffraction ex-
periment is simple – a crystal is exposed to X-ray radiation and a diffraction pattern
is recorded. Afterward, the crystal is rotated and diffraction exposed until complete
data are collected. The basic setup is described in (Fig. 1.9) [40]. One diffraction
image obtained from a single crystal orientation represent a 2D section from the full
3D diffraction pattern. It is a concept similar to the Fourier slice theorem described
in (Fig. 1.6) [41]. After hitting the crystal, the X-ray waves interfere with each other
either constructively or destructively, as described in (Fig. 1.3). In crystallography,
the only detectable signal can be measured from the constructive interference in the
forms of diffraction exposed spots that form the diffraction pattern [39]. The con-
ditions that need to be met for constructive interference are described by Bragg’s
law: [42]

2d sin θ = nλ (1.9)

where d is the spacing between diffracting planes, θ is the diffracting angle in respect
to the source, and λ is the wavelength of the diffracting light. It is very similar to
the Fraunhofer formula described in Eq. 1.8. Bragg’s law shows that constructive
interference of X-rays occurs only when the path difference between rays scattered
from parallel crystal planes is an integer multiple of wavelengths of the radiation.
In other words, when the scattering planes are separated by a distance d, then
the path difference must be 2d sin θ. Such constructive interference is necessary for
amplification of the signal coming from the waves scattered by different molecules [39,
41].
Each X-ray reflection is defined by a structure factor Fhkl where h, k, l are coordinates
of the spot on the detector. The structure factor is a mathematical description of the
diffracted waves coming from the crystal, which when colliding with the detector,
deposit their energy and give rise to reflections (Fig. 1.9) [40, 41]. Each scattered
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wave is defined by its spatial frequency, amplitude, and phase. Since the frequency
of the diffracted wave is defined by its h, k, l coordinates on the diffraction pattern,
the structure factor can be expressed as [39]:

Fhkl = |Fhkl| exp (iαhkl) (1.10)

in Eq. 1.10, the structure factor Fhkl is a complex number vector that is composed of
two scalar terms – structure factor amplitude |Fhkl| and a phase αhkl. The Fhkl rep-
resents total wave resulting from diffraction of all atoms in the unit cell. Therefore,
it can be expressed as the summation term [39]:

Fhkl =
n∑

j=1
fj exp 2πi(hxj + kyj + lzj) (1.11)

where the sum is over all atoms in the unit cell from atom j = 1 to nth atom. Thus,
in other words, the Fhkl is the resultant of all waves scattered in the direction defined
by hkl by all the atoms from the unit cell. The positional coordinates xj, yj, zj define
positions of the jth atom in the real-space unit cell. The atomic scattering factor fj

defines the scattering by a given atom type. It is a measure of the X-ray scattering
power of each atom, and it is independent of the position of the atom in the unit
cell. It depends only on the type of the atom and the direction of scattering. The
knowledge of the value of the structure factor is crucial for the determination of the
final 3D electron density [41].
From the diffraction experiment as shown in (Fig. 1.9) we obtain only amplitudes
|Fhkl| and frequencies of the waves defining the structure factor. The amplitude can
be measured from the intensity of the reflection on the detector, and frequency is
defined by the hkl coordinates of the reflection. There is no information about the
phase which is crucial for structure determination. Therefore, the phase must be
determined indirectly by other methods [39].

Solving the phase problem Several methods were developed to solve the phase
problem of protein crystallography. The experimental methods require the acquisi-
tion of additional X-ray datasets of the same protein, however, with a known change
made to the contents of the unit cell. The change involves the binding of a heavy
metal ion to the protein without disturbing the conformation of the protein. Thus,
the two protein structures are ’isomorphous’. The heavy atoms scatter the X-rays
more strongly than N,C,O,H,S,P that form the macromolecules. Differences in struc-
ture factor amplitudes enable the calculation of heavy atom positions in the unit cell
and subsequent calculation of phases. This method is called Multiple Isomorphous
Replacement (MIR) and requires the preparation of several modified crystals each
with a different heavy atom [43]. An alternative approach is called Multiwavelength
Anomalous Dispersion (MAD) [44]. It is based on breaking Friedel’s law which states
that Friedel pair reflections have equal amplitudes but opposite phases.

|Fhkl| = |Fhkl| αhkl = −αhkl (1.12)
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This approach takes advantage of ’anomalous dispersion’, which occurs for specific
atoms at specific X-ray wavelengths. Each atom type has a few ’absorption edges’
in which the scattering is ’anomalous’ – the Friedel mate reflections have no longer
the same amplitude and phase.
The last and most popular method doesn’t require any additional experimental
dataset. However, it requires an already known protein structure similar to the
structure of the target protein. The method is referred to as ’Molecular Replace-
ment [45]. The known structure must be initially rotated and translated to match the
orientation and position of the protein in the crystal. Then phases of the unknown
structure can be estimated using phases of the known protein.
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Figure 1.4: Formation of phase contrast in TEM. (A) Imaging in focus results
in a very low contrast micrograph (B) due to lack of interference between individual
waves. The unscattered wave (purple) is recombined with low amplitude scattered
waves (green) in the image plane. Changing the strength of the objective lens (C)
leads to either underfocused (D) or overfocused (E) micrographs. As a consequence
of the defocus, a gradual phase shift is formed among the scattered waves (cyan),
which leads to modification of amplitudes in reciprocal space of the micrograph by
CTF and thus to phase contrast. (F) Fourier transform (FFT) of a micrograph shows
an oscillating function modifying amplitudes in the reciprocal space, demonstrating
the effect of the CTF (orange line). When a small objective aperture is introduced
(G), it blocks the high-frequency electrons in the back focal plane of the microscope,
which can be observed in the FFT of the micrograph as a loss of high-frequency
amplitudes. (Adapted from [11])
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Figure 1.5: Micrograph and effect of CTF on particles of bacteriophage
P68. (A) Cryo-EM micrograph of bacteriophage P68. (B) An Extracted particle of
bacteriophage P68 from A. (C) Simulated projection of bacteriophage P68 created
from already known 3D cryo-EM density map. The phage particle has the same
orientation as in (A). (D) The same projection as in (C) but multiplied by CTF with
defocus of 10 µm, Cs=2.7, and acceleration voltage of 300 kV. Note the halo extending
the particle indicating delocalization of signal. Due to the signal delocalization, a
box size extending the particle by about 1.5× is necessary. (E) The same image as
in (D) but after CTF correction by phase flipping. The halo effect was suppressed,
and the signal was restored to its original position.
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Figure 1.6: 3D reconstruction by Fourier slice theorem, which defines the
relationship between the 2D projection of a 3D object in real-space (A) and a 2D
central slice (cutting the origin) of a 3D Fourier transform of the object in the Fourier
space (B). The orientation of the 2D slice in Fourier space (red square in B) must
be orthogonal to the projection direction (red arrows in A).
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Figure 1.7: Determination of particle orientations and 3D reconstruction in
SPA. (A) Initially, a set of reference projections of an initial model is generated in all
directions. Thus, Euler angles are known for each projection. (B) Afterward, each
particle is compared to all of the different projections. The best match is selected, and
the particle has assigned three Euler angles of the best matching projection. (C) This
rotates every particle relative to the 3D initial model. (D) Subsequently, the Fourier
transform is computed for all of the particles. According to the Fourier slice theorem,
a combination of many properly oriented 2D slices (the 2D Fourier transforms of
all experimental projections for which we just determined their orientations) can
generate the 3D Fourier transform of the 3D object. (E) To obtain the real space
3D map, the Fourier transform of the 3D reciprocal map is performed. Then the
improved map is used for the generation of a new set of projections, and the steps
are repeated until convergence.
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Figure 1.8: Localized reconstruction of subparticles – the case of bacterio-
phage P68. (A) Initially, only capsids possessing 5-fold symmetry are picked and
extracted from the micrographs (cyan squares). (B) Afterward, 3D reconstruction
using 5-fold symmetry is performed, which results in 3D cryo-EM map with capsid
displaying structural details (blue), while tail (orange, 12-fold symmetry) display-
ing no resolvable structural features due to the symmetry-mismatch. (C) Taking
advantage of the knowledge of particle orientations from the 3D reconstruction of
the capsid, we can draw a vector from the capsid to tail (B, white arrow) which
can be used to move the center of the original box (dashed cyan squares in C) to
tail, which allows precise re-extraction of tails from the micrographs (red boxes in
C). (D) Using the re-extracted tail sub-particles from (C), a 3D reconstruction with
12-fold symmetry is performed. This results in resolved structural details in parts of
the structure possessing 12-fold symmetry (orange) while losing structural details of
the capsid (blue). (E) Combining reconstructions from (B) and (D), we can obtain
the structure of bacteriophage P68 as a whole, bypassing the symmetry-mismatch
issue.

Figure 1.9: Scheme of X-ray diffraction experiment. (A) X-rays are produced
either by home-source or by synchrotron radiation. Then the X-ray beam hits the
crystal; as the beam passes through the crystallized protein, some of the rays interfere
with each other constructively, forming a diffraction pattern at the detector. (B) A
representative diffraction pattern from a crystal of tail-spike protein of bacteriophge
P68 solved in this thesis by X-ray crystallography. The inset shows diffraction spots
(reflections) in detail. The reflections are the black dots highlighted by red circles.
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Figure 1.10: Bragg’s law.(A,B) The two orange X-ray waves M and N of wave-
lengths λ arrive with the same phase at an incidence angle of θ forming a wave-front
(green line). The waves are interacting with the imaginary scattering ’mirrors’ called
as Bragg planes in the crystal lattice (black horizontal lines). Since the crystal is
repetitive, the same plane is in each unit cell forming the crystal and the planes
are separated by a constant distance - d. The scattering centers (O and G) - atom
electron clouds - are scattering the waves in all directions. However, only certain
direction results in diffraction signal on the detector. Only the direction in which
the waves are in phase after scattering on the diffraction centers (green line in (A))
result in diffraction signal (A). The condition to be met to obtain a diffraction -
the path extra path traveled by the wave N must correspond to an integer of the
wavelength of the X-rays. Therefore, distance FG and GH must equal to n times
the wavelength λ. In (B) the angle under which the waves arrive does not produce
any diffraction signal because the extra distance traveled by the wave N does not
correspond to the integer of the wavelength λ and thus after scattering the waves
are not anymore in phase. (Adapted from [46])
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1.5 Viruses
Viruses are the most abundant biological entities on the planet Earth. With an esti-
mated number of more than 10 nonillion (1031) viral particles, they are outnumber-
ing bacteria even tenfold in some ecosystems [47]. Mostly considered as pathogens,
viruses are much more than that. They play a role in almost any ecosystem and
affect all parts of life on the planet, ranging from our immune system [48] to the
gut microbiome [49], keeping balance in the ecosystems on land and sea [50, 51], to
climate regulation and the evolution of all species [52, 53, 54, 55].
Even though they are balancing on the edge of being defined as alive, they are the
top predators of the microbial world [47]. Since they lack their own replication
machinery, they must take over the host cell and hijack its machinery to replicate.
The initial step in the infection is the injection of the viral genome into the host –
a stage of infection that was studied in this dissertation thesis by the methods of
structural biology.

1.5.1 Structural Biology of Viruses
The study of viruses from the structural biology point of view requires either solving
the structure of the virus or isolated viral proteins. Structural studies revealed
mechanisms of all stages of the viral life cycle ranging from the initial entry of
the virus through replication of viral particles to their release from the cell [56].
Constant improvements in methodology allowed the study of the replicating virus in
vivo without the need for fixation, utilizing state-of-the-art methods of correlative
light and cryo-electron microscopy and focused ion beam milling [57, 58].

1.5.2 Bacteriophages
Bacteriophages are the most abundant entities in the virosphere [59]. A bacterio-
phage is a virus infecting a bacterium and using it for its own replication. They
were discovered independently by Frederick Twort and Félix d’Hérelle in 1915 and
1917, respectively [59]. Immediately after their discovery, bacteriophages were tested
for use as a medical therapy to treat bacterial infections. However, they fell out of
fashion in the 1940s due to more potent and effective antibiotics [60].
Nowadays, the interest in bacteriophage therapy is back due to the emergence of an-
tibiotic resistant strains of bacteria such as methicilin-resistant Staphylococcus aureus
(MRSA). Therefore, it is important to know details about all stages of the bacte-
riophage life cycle to better regulate and even improve bacteriophages for medical
treatments.

Classification of bacteriophages

Historically, phages have been classified based on their morphology – by observation
of their appearance in an electron microscope. The most apparent morphological
feature is the presence or lack of bacteriophage’s tail [61]. The tail is attached to
the phage’s capsid and serves as a delivery system for the genome during infection.
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One can imagine it as a tube through which the genome is pushed into the host cell.
Here we will discuss in more detail only tailed bacteriophages.
The tailed phages are unified in the order of Caudovirales which were tradition-
ally further divided into three families based on the tail length and contractility –
Podoviridae, Myoviridae, and Siphoviridae. Podoviridae were the smallest by size
and genome length, and they have a short non-contractile tail. On the other hand,
Myoviridae had a longer tail which is contractile. The last family of Siphoviridae
had a long non-contractile tail. The newer type of classification approved by ICTV’s
Bacterial and Archaeal Viruses Subcommittee introduced new genome-based families
where, at the time of writing three new families of myoviruses have been ratified –
Ackermannviridae, Chaseviridae, Herellviridae; two of siphoviruses Demerecviridae,
and Drexlerviridae, and one of podoviruses, Autographiviridae [62].

Figure 1.11: Structural overview of the order of Caudovirales.. (A) Scheme
of the structure of a Myoviridae bacteriophage. (B) Scheme of the structure of a
Siphoviridae bacteriophage. (C) Scheme of the structure of a Podoviridae bacterio-
phage. (D) Schematic representation of individual bacteriophage components.

Structural organization of bacteriophages

Bacteriophages from the order of Caudovirales are composed of three major compo-
nents – capsid, tail, and baseplate at the very end of the tail [63].

Capsid The capsid is composed of either one or more types of proteins. The
major capsid protein (MCP) is the major component of the capsid and forms the
capsid shell protecting the dsDNA genome inside of the capsid. Despite low sequence
identity among the phages, all known MCPs possess HK97 fold which was initially
found in Siphoviridae phage HK97 [64]. Other proteins present on the outer or inner
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surface of the capsid have either stabilizing or receptor binding functions [65]. The
capsid possesses either icosahedral or 5-fold symmetry in the case of oblate or prolate
capsids [66].

Portal complex The portal complex forms a dodecameric ring and it is composed
of one or more proteins, which replace one pentameric vertex of the bacteriophage
capsid. It serves as an initial gate for the dsDNA genome during its ejection into
the host cell. In the phage life-cycle, it initiates the procapsid assembly and serves
as an entrance for filling of the procapsid with the dsDNA genome [67]. All known
portal proteins have a conserved fold with four characteristic domains – clip, stem,
wing, and crown [68].

Tail At the distal end, the portal protein is connected to the tail complex, which
has 6-fold symmetry. Some phages have additional tail-connector proteins which
form an interface between the portal and tail complexes and mediate the symmetry
mismatch from 12-fold to 6-fold symmetry. The tail organization depends strongly on
the bacteriophage family: Podoviridae have short non-contractile tails, Myoviridae
have longer contractile tails, and Siphoviridae have long non-contractile tails [63].
The tail structure also depends on the host type – bacteriophages infecting gram-
positive bacteria have different tail organizations than those infecting gram-negative
bacteria.
The Podoviridae tails are composed mostly of receptor binding proteins and cell pen-
etration proteins such as peptidoglycan hydrolases and membrane penetration pro-
teins. During the genome release Podoviridae tails, undergo conformational changes.
Each phage type has its own cell penetration and genome release mechanism. E.g.
E. coli phage T7 rearranges positions of whole proteins [69], while S. aureus phage
P68 is more ’rigid’, and conformational changes were observed only in protein do-
mains [38].
The Myoviridae tails are composed of a tail-sheath and a baseplate located at the
distal end of the tail-sheath. The tail-sheath has a double layer organization with
contractile tail-sheath proteins forming the outer layer arranged in helical symmetry.
The inner tail tube is rigid and is released during the sheath contraction piercing
the host cell membrane like a needle. Then the dsDNA is ejected from the capsid
through the inner tail tube into the host cell [70]. The baseplate of Myoviridae is a
huge protein complex. For example baseplate of phage T4 is composed of at least
16 different proteins [71]. The baseplate proteins have a variety of functions, e.g.
receptor sensing and binding, structure stabilization, and cell penetration. During
the contraction, the baseplate undergoes a conformational rearrangement, changing
positions of whole proteins [71].
The Siphoviridae tails somewhat resemble that of Myoviridae, where the tail is com-
posed of a long tail-tube with a baseplate complex at the distal end. However, the
tails are flexible and longer. The baseplate is usually less complex than that of
Myoviridae, structurally closer to tails of Podoviridae phages [72].
That is a very general summary of bacteriophage structure. It is impossible to
generalize it in more detail since even bacteriophages from the same family display
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Figure 1.12: Genome delivery mechanism by tailed phage families from the
order of Caudovirales. (A) Genome delivery mechanism of Podoviridae. Initially,
the phage binds to a specific receptor through its receptor binding protein located
in the tail. When its bound the, phage penetrates the cell wall and cell membrane
(blue line) and releases its genome into the cell (B) Genome delivery mechanism of
Myoviridae. Initially, the virus searches the cell surface for the receptor by receptor
binding proteins located at tail-fibers (yellow sticks). When a receptor is found,
the phage anchors itself on the cell surface. Afterward, the tail is contracted, and
the tail tube penetrates the cell wall and cell membrane like a needle. Finally, the
dsDNA is released from the phage capsid into the cell cytoplasm. (C) Genome
delivery mechanism of Siphoviridae. Similarly, as in (A) and (B), the bacteriophage
must initially find the receptor. After binding, the baseplate of the phage degrades
the peptidoglycan cell wall and penetrates the cell membrane. The final step is the
release of dsDNA into the host cytoplasm (Modified and adapted from [73]).

extensive conformational variability and mechanism of infection. However, some
things have bacteriophages in common despite their low sequence and morphological
similarity. Proteins of the same function display the same folds among all bacterio-
phage families. This is for example, the case of receptor binding protein of distantly
related phage P68 (Podoviridae) and phage 80α (Siphoviridae), where the receptor
binding domains display root mean square deviation (RMSD) value of 2.4 Å. [38, 72]

Bacteriophage life cycle

Phages can have two types of life cycles. The lytic life cycle occurs when a phage
infects the host, replicates, and eventually kills the cell releasing progeny phages
ready to infect other cells. The second type of phage life cycle does not kill the host
cell immediately. Instead, the phage genome gets integrated into the host genome
or exists as plasmids within the host cell [74]. This type of life cycle is referred to as
’lysogenic’ and can last for thousand of host cell generations after the initial phage
genome integration. The phage can eventually switch to the lytic cycle and lyse the
cell after an induction event triggered by stressful conditions (DNA damage) [75]. A
detailed description of the phage life cycle is depicted in (Fig. 1.13).
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Figure 1.13: Scheme of life cycle of bacteriophage λ. The bacteriophage infec-
tion starts with attachment to the host-cell which is decorated by specific receptor.
After successful binding the bacteriophage penetrates the cell envelope and delivers
its genome into the cytoplasm. The genome can be integrated into the host genome
which leads to a latent infection called lysogenic cycle. On the other hand, during
the lytic cycle an immediate transcription, translation, and replication of the bac-
teriophage DNA and proteins takes place. Structural proteins are replicated as the
latest leading to formation and accumulation of phage particles inside of the host
cell. The final step is lysis of the host cell which releases newly made bacteriophages
ready to infect neighboring cells. (Adapted from [76])
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1.5.3 Eucaryotic viruses – the genus of Enterovirus
The Picornaviridae family contains 35 genera, one of which is Enterovirus. Other
genera from the Picornaviridae family containing human pathogens are Parechovirus,
Hepatovirus, Kobuvirus, Cardiovirus, and Aphthovirus. The genus Enterovirus (EV)
contains echoviruses, coxsackieviruses, enteroviruses, and rhinoviruses [77]. The clas-
sification of Enteroviruses is depicted in (Fig. 1.14). Various diseases are linked to
these viruses, including hand-foot-and-mouth disease, polio, encephalitis, paralysis,
non-specific febrile illness, and respiratory diseases such as pneumonia and bron-
chitis. Their primary sites of replication are respiratory and gastrointestinal tracts
from which they can disseminate and infect other organs, including the central ner-
vous system causing encephalitis [78]. Apart from two EV-A71 vaccines marketed in
China, there are currently no effective treatments for enterovirus infections [77].

Figure 1.14: Classification of Enteroviruses. The genus Enterovirus is one of the
35 genera of the Picornaviridae family. Enteroviruses are classified into 13 species,
with more than 100 types of Enteroviruses that infect humans. All of them belong to
four species, Enterovirus A-D; besides poliovirus (Enterovirus C species member),
these contain coxsackieviruses (CVs) A and B, echoviruses and recently discovered
viruses that are named ’enterovirus’ (EV) which are sequentially numbered (starting
with EV-D68). Rhinoviruses were reclassified as Enteroviruses, and currently, more
than 160 rhinovirus types are known grouped Rhinovirus A-C species. (Adapted
from [77])

1.5.4 Structure of Enteroviruses
In 1985, X-ray crystallography structures of two Enteroviruses were published by
James Hogle (poliovirus) and Michael Rossmann (rhinovirus 14) [79, 80]. These were
the first two animal RNA viruses for which the high-resolution three-dimensional
structures were determined. Structures of many other EVs were solved since then
either by X-ray crystallography or cryo-EM.
It was observed that all EVs share similar conserved structural features. They are
small non-enveloped viruses of 30 nm in size carrying approximately 7500 nucleotide
positive sense (+) ssRNA genome. The basic structural unit – protomer – out of
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Figure 1.15: Structural arrangement of Enteroviruses. (A) Scheme of struc-
ture of an Enterovirus particle. The blue triangle shows the asymmetric unit of the
icosahedron. Icosahedral symmetry axes are represented by the red rectangle, red
triangles, and red pentagon for two, three, and five-fold symmetry axes, respectively.
In the pentamer inset below the icosahedron, a protomer composed of VP1, VP2, and
VP3 is highlighted. Minor capsid protein VP4 is not visible because it is on the inner
surface of the capsid shell. (B,C,D) Molecular surfaces of rhinovirus 14, poliovirus,
and echovirus 18 for B, C, and D, respectively (PDB IDs: 4RHV, 1HXS, 6HBG). The
surfaces are radially rainbow color-coded according to the distance from the center
of the particle. (E) Schematic representation of Enterovirus genome. (Adapted and
modified from [77])

which all Enterovirus are constructed consists of four viral proteins VP1, VP2, VP3,
and VP4 (Fig. 1.15). Sixty of such protomers form icosahedral shell with a pseudo
T = 3 arrangement that encapsidates the viral genome [77]. VP1, VP2, and VP3
adopt an eight-stranded antiparallel β-barrel fold and form the capsid shell. Minor
capsid protein VP4 is myristoylated and is located on the inner surface of the capsid.
The outer surface of the capsid contains a typical depression called ’canyon’ encircling
the 5-fold symmetry axis (Fig. 1.15. The canyon is a receptor binding site for many
Picornaviruses [81]. In the vicinity of the canyon, a hydrophobic pocket within
the VP1 can be found, usually filled with a pocket factor – a lipidic moiety. It is
assumed that the pocket factor contributes to the particle stability and is involved
in the uncoating of the virus during genome release [82].

1.5.5 The life cycle of Enterovirus
The Enterovirus infection starts with the binding of the virus to one or multiple
cell surface receptors. After successful binding, receptor-mediated endocytosis is
initiated, which results in endocytic uptake of the virus. Different Enteroviruses
use different cell surface receptors and endocytic routes. When in the endosome, the
receptor binding and/or acidification of the endosome converts the native enterovirus
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to an ’activated’ state (A-particle). The changes associated with conversion to the
A-particle include: externalization of VP1 N-terminal amphipathic helix, formation
of pores at the 2-fold symmetry axes, and release of the minor capsid protein VP4 [83,
84, 85, 86, 82, 87]. Afterward, the virus is uncoated, resulting in genome release to the
cytoplasm. It is not confirmed whether the uncoating of the virus and genome release
occurs in the endosome or in the cytoplasm. Studies supporting both claims were
published [88, 89, 90, 87, 91]. It is possible that different Enteroviruses use different
genome release strategies despite their structural and sequential similarities.
After the (+)ssRNA genome is delivered to the cytosol, the whole RNA genome is
translated to a single polyprotein. Afterward, the polyprotein is cleaved by viral
proteinases 2Apro, 3Cpro, and 3CDpro into ten proteins, including capsid proteins
VP0, VP2, and VP3; replication proteins 2A–2C, and 3A–3D. The Enteroviruses
induce the formation of membrane structures called ’replication organelles’ (ROs).
The replication is initiated by viral RNA-dependent RNA polymerase 3Dpol. The
3Dpol synthesizes a negative-strand (-) copy of the RNA genome, forming a double-
stranded RNA replication intermediate [92]. Newly synthesized genome copies serve
either as a template for further transcription and translation or are encapsidated
to newly formed provirions. The provirions are composed of VP0, VP1, and VP3.
After encapsidation of the (+)ssRNA genome, VP0 is cleaved into VP4 and VP2 by
as of yet unknown mechanism [93]. Finally, the mature virions are released from the
cell either by lytic or non-lytic exit pathway [94, 95, 96, 97, 98]. The Enterovirus
life-cycle is described in (Fig. 1.16)
The Enteroviruses are very efficient in hijacking the cell machinery for their own
purpose. The hijacking is mediated by viral proteinases 2Apro and 3Cpro that cleave
several host proteins to optimize virus translation, replication, and virus spread.
For example they interrupt type I interferon and stress pathways (by cleaving RNA
sensors and signalling proteins), induce host proteosynthesis shut-off (by cleaving
cellular factors involved in transcription and cap-dependent translation of host mR-
NAs), disrupt nucleocytoplasmic transport (by cleaving nucleoporins), and disrupt
the cellular cytoskeleton [99, 100, 101]. All these changes have one purpose, to allow
the formation of as many progeny particles before the ultimate cell death as possible.

1.5.6 Rhinoviruses
Rhinoviruses are one of the member species of Enteroviruses that can cause a variety
of upper and lower respiratory tract infections, including the common cold, bronchi-
tis, pneumonia, and exacerbations of chronic respiratory illnesses such as asthma.
Currently, there are more than 170 identified genotypes of rhinoviruses classified into
three classes – A, B, and C according to clade-specific similarities in the genome se-
quence, serology, and capsid structure [102]. The majority of rhinoviruses, which
constitute all rhinovirus B and the majority of rhinovirus A classes (major group)
utilizes intercellular adhesion molecule 1 (ICAM-1) as a cellular receptor. A minor-
ity of rhinoviruses (minor group) require low-density lipoprotein receptor (LDLR)
to initiate an infection. The recently discovered class C of rhinoviruses depends on
cadherin-related protein 3 (CDHR3) to recognize and enter the host cell [103].
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Figure 1.16: Life cycle of an Enterovirus(Inspired by [77])
.

1.5.7 Intercellular adhesion molecule 1
ICAM-1 is a transmembrane glycoprotein, a member of the immunoglobulin su-
perfamily of cell adhesion proteins, and it is typically expressed by epithelial cells,
endothelial cells, and leukocytes. It can be activated by chemical, or physical stress,
or inflammatory stimuli. The function of ICAM-1 involves co-stimulation of cell
activation, and it helps to regulate leukocyte migration from blood tissues in inflam-
matory sites when it binds to two integrin receptors, leukocyte function-associated
antigen and macrophage-1 antigen [104].
Moreover, ICAM-1 was identified as a major rhinovirus receptor by two groups in
1989 [105, 106]. The structure of ICAM-1 is composed of five consecutive extra-
cellular immunoglobulin domains (D1, D2, D3, D4, and D5), a carboxyl-proximal
transmemebrane domain (TM), and a C-terminal cytoplasmic domain [107, 108].
The N-terminal D1 domain is involved in the binding of rhinoviruses. It binds the
’canyon’ region of the capsid interacting with VP1, VP2, and VP3 [109, 110].





Chapter 2

Materials and Methods

2.1 Materials and Methods
Materials and methods used in this dissertation thesis are described thoroughly in
published articles presented in the next section.
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Chapter 3

Results and Discussion

Results and discussion are presented as a compilation of published peer-reviewed
articles regarding genome release and cell entry of prokaryotic and eukaryotic viruses.
Each paper is shortly discussed, and main results are presented.

3.1 Published Articles
Article 1: Structure and genome ejection mechanism of Staphylococcus
aureus bacteriophage P68 The goal of the study was to determine the structure
of S. aureus bacteriophage P68 in different stages of the genome ejection. Then, by
comparison of conformational changes in the bacteriophage, we could describe the
genome ejection mechanism. I started with the selection of heads of native virions
from the micrographs. The structure of the head was solved to 3.5 Å resolution
with C5 symmetry implemented during the reconstruction. However, all structural
features of the tail were smeared because of the symmetry mismatch between the
head (C5 symmetry) and the tail (C6/C12 symmetry). Therefore, I utilized localized
reconstruction of subparticles to solve the symmetry mismatch problem as described
in Chapter 1. I constructed a vector pointing from the central part of the head to the
central part of the tail. Using the vector and known orientations of the particles from
the C5 reconstruction of the head, I was able to re-extract tails of the bacteriophages
from the micrographs. Then I performed 12 and 6 fold symmetry reconstructions
which led to the final resolution of 3.9 Å in the tail region. Some parts of the tail were
resolved very poorly, especially the C-terminal part of tail-fibers, tail-knob, and tail-
spike. I performed crystallization of the tail-fibers, which was successful. Crystals
diffracting to 2.0 Å resolution were obtained. The phase problem was solved by iter-
ative molecular replacement using manually adjusted structure of receptor binding
protein of phage phi11 (PDB code: 5EFV) [111]. Then all parts of the bacterio-
phage were fitted into the asymmetric reconstruction of the whole bacteriophage,
which reached the resolution of 4.7 Å. The final native bacteriophage model consists
of more than 130,000 amino acids which are composed of more than 1,000,000 non-
hydrogen atoms. By using symmetry expansion and subsequent 3D classification of
the tail, I discovered that one subunit of the portal is in contact with dsDNA in the
central tunnel of the portal. The interaction is probably crucial for maintaining the
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dsDNA inside of the bacteriophage capsid. By comparison with two additional re-
constructions of the bacteriophage in different states of the genome release - namely,
during and after ejection of the genome, I proposed a theory of the mechanism of
the bacteriophage cell-wall, cell-membrane penetration, and subsequent release of its
genome into the bacterial host.
The inner surface of the capsid of phage P68 is lined with gp21 which we call as
’Arstotzka’ protein, since it resembles a flag of a fictional country Arstotzka from
a videogame Papers Please (Fig: 3.1). The position of gp21 of P68 resembles that
of the scaffolding protein gp7 from phage phi29 [112]. Unlike the known scaffolding
proteins, gp21 of phage P68 is present in the structure of the empty particle. We
speculate that the gp21 of P68 can regulate the triangulation number of the cap-
sid as it was shown for the CpmB protein of S. aureus pathogenicity island that
uses capsid proteins of staphylococcal phage 80α [113]. The triangulation number
of the phage P68 is T = 4, which is the smallest that can incorporate a portal
protein into the 5-fold vertex. The portal protein gp19 of phage P68 has a fold
very similar to those observed in other bacteriophages such as SPP1, P22, T4, and
phi29 [114, 115, 68, 116]. Similarly to Bacillus phage phi29, it lacks a crown domain.
Asymmetric reconstruction of the portal has shown that its incorporation into the
capsid requires a conformational change of the neighboring major capsid proteins.
It was shown that also local morphing of the portal structure plays a role in com-
pensating of the symmetry-mismatch between portal and capsid [117]. The portal of
P68 enables binding of receptor binding proteins (RBP) gp17 that form a skirt like
structure around the tail-tube. The RBP is remarkably similar to receptor binding
proteins from bacteriophages from the family of Siphoviridae, namely phages 80α
and phi11 [72, 111]. The lower collar protein gp18 of P68 contains an axial channel
that is continuous with that of the portal complex. A similar protein was also found
in the structure of phage phi29 [118]. Tail-knob and tail-spike proteins are attached
to the lower collar protein at its distal end. Both of them were solved to lower res-
olution than the rest of the P68 tail machinery. Therefore, I rigid body fitted an
already known structure of the tail-knob of phage C1 into the density [119].
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Figure 3.1: (A) Bacteriophage P68 ’Arstotzka’ (minor capsid) protein gp21 and (B)
flag of fictional country ’Arstotzka’ from the videogame Papers Please.
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Structure and genome ejection mechanism 
of Staphylococcus aureus phage P68
Dominik Hrebík1, Dana Štveráková2, Karel Škubník1, Tibor Füzik1,  
Roman Pantůček2, Pavel Plevka1*

Phages infecting Staphylococcus aureus can be used as therapeutics against antibiotic-resistant bacterial infec-
tions. However, there is limited information about the mechanism of genome delivery of phages that infect 
Gram-positive bacteria. Here, we present the structures of native S. aureus phage P68, genome ejection intermediate, 
and empty particle. The P68 head contains 72 subunits of inner core protein, 15 of which bind to and alter the 
structure of adjacent major capsid proteins and thus specify attachment sites for head fibers. Unlike in the 
previously studied phages, the head fibers of P68 enable its virion to position itself at the cell surface for genome 
delivery. The unique interaction of one end of P68 DNA with one of the 12 portal protein subunits is disrupted 
before the genome ejection. The inner core proteins are released together with the DNA and enable the trans-
location of phage genome across the bacterial membrane into the cytoplasm.

INTRODUCTION
Staphylococcus aureus causes a range of illnesses from minor skin 
infections to life-threatening diseases such as pneumonia, meningitis, 
and sepsis (1). Medical expenses caused by S. aureus infections in 
the United States and European Union have been estimated to 
exceed $2.5 billion, and S. aureus infections result in tens of thousands 
of deaths every year (2). Many S. aureus strains, particularly those 
found in hospitals, carry antibiotic resistance genes (3). In 2017, the 
World Health Organization listed S. aureus among the most threaten-
ing antibiotic-resistant pathogens for which new treatments are 
urgently needed (4). Mouse models showed that phages could be used 
to treat infections caused by antibiotic-resistant S. aureus strains (5). 
All previously described phages from the family Podoviridae that 
infect S. aureus are members of the genus Rosenblumvirus. P68 and 
several other related phages are promising phage therapy candidates 
because of their wide host range (6). They were analyzed for their 
ability to treat animals infected by methicillin-resistant S. aureus and 
to prevent healthcare-associated human infections (5). Despite the 
testing for the use in phage therapy, the mechanism of phage P68 
infection of the Gram-positive S. aureus cells has not been described 
in detail.

Three-dimensional (3D) structures of virions of several Podoviridae 
phages, including T7, φ29, C1, 15, P22, K1E, and K1-5, were deter-
mined using cryo–electron microscopy (cryo-EM) (7–15). Bacterio-
phages from the family Podoviridae have icosahedral or prolate 
heads and short noncontractile tails. The assembly of the heads of 
some bacteriophages is promoted by scaffolding proteins (14). Minor 
capsid proteins, attached to the outer surface of the phage head, in-
crease the stability of capsids or, in the case of head fiber proteins, 
enable the initial attachment of phages to bacteria. The heads of some 
phages contain inner core proteins that are associated with the portal 
complex. The inner core proteins are released together with the 
phage genome and were speculated to play a role in the delivery of 
the DNA into the cell cytoplasm.

The phage tail is attached to one of the fivefold vertices of the 
head in which a pentamer of capsid proteins is replaced by a dodeca-
hedral portal complex. The tails of podoviruses are variable in size 
and protein composition; however, they share common organizational 
motifs. The tails contain specialized protein subunits for receptor 
binding, cell wall degradation, and cell membrane penetration. 
Podoviruses that infect S. aureus require wall teichoic acid for their 
adsorption to cells (16). Podovirus tails are decorated by 6 or 12 tail 
fibers. Structures of tail fibers from several podoviruses, including 
P22, φ29, and K1F, were determined using x-ray crystallography 
(17–20). Tail fibers form trimers in which the N-terminal part is 
responsible for attachment to the virion and the C-terminal domain 
enables receptor binding. Two or more types of proteins form the 
central tubular part of the podovirus tail. The proximal part of the 
tail, attached to the portal complex, is usually a dodecamer of lower 
collar proteins (21). In contrast, a hexamer of tail knob proteins 
usually forms the distal part of the tail tube (10). The tails of some 
podoviruses also contain tail spike proteins with hydrolase activities, 
which enable phages to degrade the bacterial cell wall. Tails of podo-
viruses contain a trimer of tail needle proteins that is located in the 
tube formed by the lower collar and tail knob proteins. The tail needle 
is essential for retaining the genome in the phage head after packag-
ing, and it may have a role in the penetration of the cell wall (22). 
The genome of phage P68 is 18,227 base pairs of double-stranded 
DNA (dsDNA) and contains 22 open reading frames (23).

Here, we used a combination of cryo-EM and x-ray crystallography 
to structurally characterize bacteriophage P68 and the mechanism 
of regulation of its genome ejection. An asymmetric reconstruction 
of the P68 virion was determined to a resolution of 4.7 Å. The struc-
tures of heads of native virions, genome release intermediates, and 
empty particles of P68 with imposed icosahedral symmetry were 
determined to resolutions of 3.3, 6.3, and 3.4 Å, respectively. The 
same structures with imposed fivefold symmetries were determined 
to resolutions of 3.8, 22.7, and 4.3 Å, respectively. Portal complexes 
and tails with 12-fold symmetries in native, genome release, and 
empty particles of P68 were characterized to resolutions of 3.9, 18.8, 
and 7.1 Å, respectively. X-ray crystallography enabled the determina-
tion of the structure of the C-terminal part of P68 tail fiber to a 
resolution of 2.0 Å. In combination, the structures enabled us to 
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describe the mechanisms of attachment of the portal complex to the 
capsid, selectivity of binding of head fibers to hexamers of major 
capsid proteins adjacent to the tail vertex, and the conformational 
changes of the portal complex required for the genome release.

RESULTS AND DISCUSSION
P68 capsid structure
The virion of P68 has an icosahedral head with a diameter of 480 Å 
and a 395 Å–long tail, which is decorated with tail fibers (Fig. 1). 
The structures of heads of native virions, genome release intermediates, 
and empty particles of P68 with imposed icosahedral symmetry were 
determined to resolutions of 3.3, 6.3, and 3.4 Å, respectively (Fig. 1, 
A to D; figs. S1, A to G, and S2; and tables S1 and S2). The capsid 
proteins in the P68 head are organized in a T = 4 icosahedral lattice 
(Fig. 2, A and B). The major capsid protein gp20 has the canonical 
HK97 fold common to numerous tailed phages and herpesviruses. 
According to the HK97 convention, the protein can be divided into 
four domains: the N-terminal arm (residues 1 to 84), extended loop 
(residues 85 to 124), peripheral domain (residues 125 to 182 and 
346 to 388), and axial domain (residues 183 to 277, 341 to 345, and 
389 to 408) (Fig. 2C). Unlike in HK97, the P68 major capsid protein 
also contains an insertion domain (residues 278 to 340). The inser-
tion and peripheral domains form a cleft that binds the extended 

loop of an adjacent major capsid protein and thus contribute to the 
capsid’s stability (fig. S3, A to E).

Inner capsid proteins mediate contacts of  
capsid with genome
The inner face of the P68 capsid is lined by inner capsid proteins 
gp21, organized with icosahedral T = 4 symmetry (Fig. 2E). Struc-
tures of the inner capsid proteins were determined as part of the 
icosahedral reconstruction of the P68 head to a resolution of 3.3 Å. 
Except for an  helix formed by residues 14 to 21, the 55-residue- 
long inner capsid protein “Arstotzka” lacks secondary structure 
elements. The arrangement of three copies of gp21 (Fig. 2E) is remi-
niscent of the emblem of the fictional country Arstotzka. The inner 
capsid proteins related by icosahedral threefold axes and quasi- 
threefold axes form three-pointed stars (Fig. 2E) and are arranged 
so that the N terminus of one subunit is located close to the C terminus 
of another one within the stars (Fig. 2E).

The electron density of P68 dsDNA is resolved inside the regions 
of the capsid lined by the inner capsid proteins, but it is missing in 
the proximity of fivefold vertices, where the inner capsid proteins 
are not structured (Fig. 2, E and F). The electron densities of two 
nucleotides of single-stranded DNA are stacked against the side chains 
of Trp74 of the major capsid proteins that form pentamers (Fig. 2G). 
In contrast, the side chains of Trp74 of major capsid proteins that 

Fig. 1. Virion and genome organization of phage P68. (A and B) Structures of P68 virion, (C) genome release intermediate, and (D) empty particle. The whole P68 virion 
is shown in (A), whereas particles without the front half are shown in (B) to (D). The structures are colored to distinguish individual types of structural proteins and DNA. 
(E) Schematic diagram of P68 genome organization, with structural proteins color-coded in accordance with the structure diagrams shown in (A) to (D).
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form hexamers interact with the side chains of His51 of the inner 
capsid proteins (Fig. 2H) and thus cannot bind phage DNA. There-
fore, the inner capsid proteins could enable the packaging of the 
P68 genome in its head. The location of gp21 in the P68 genome 
resembles that of the scaffolding protein gp7 of phage phi29 (24). 
Unlike typical scaffolding proteins, gp21 subunits remain attached 
to the P68 capsid after maturation. Subunits of gp21 could function 
in determining the triangulation number of the P68 capsid during 
assembly, as was shown for the CpmB protein of S. aureus pathogenicity 
island 1 that is parasitical on staphylococcal phage 80 (25). However, 
gp21 has no sequence similarity to the gp7 of phi29 or CpmB of 
S. aureus pathogenicity island 1, and the proteins also differ in their 
structures. The inner capsid proteins of P68 remain attached to the 
capsid after genome ejection, indicating that they do not participate 
in genome delivery (Fig. 1D).

DNA is held inside the P68 head by interaction with  
one subunit of the portal complex
The structure of the portal complex from the native P68 virion with 
imposed 12-fold symmetry was determined to a resolution of 3.9 Å. 
The portal complex of P68 is 80 Å long along its 12-fold axis, with 
the external diameters of the upper and lower parts of 140 and 100 Å, 
respectively (Fig. 3, A to C). The structure of the P68 portal protein 
gp19 could be built except for residues 1 to 6 and 83 to 104 out of 
327. According to the convention (26), it can be divided into three 
domains: the clip (residues 178 to 223), stem (residues 6 to 41, 156 
to 177, and 227 to 248), and wing (residues 249 to 327) (Fig. 3, 
A and B). Unlike the portal proteins of phages SPP1, P22, and T4 
but similar to that of Bacillus phage phi29, the portal protein of P68 
lacks a crown domain (21, 27–29). The clip domain is composed of 
helix 4 and antiparallel strands 4 and 5 (Fig. 3B). It forms part of 

Fig. 2. Capsid structure of P68. (A) Major capsid proteins of P68 have HK97 fold and form T = 4 icosahedral lattice. Positions of selected icosahedral five-, three-, and 
twofold symmetry axes are indicated by pentagon, triangles, and oval, respectively. Borders of one icosahedral asymmetric unit are highlighted. (B) Cartoon representation 
of P68 major capsid proteins in icosahedral asymmetric unit. Positions of icosahedral symmetry axes and borders of icosahedral asymmetric unit are shown. (C) Major 
capsid proteins from icosahedral asymmetric unit differ in positions of elongated loops and N-terminal domains. Color coding of one of the subunits indicates division of 
major capsid protein to domains. (D) Residues 253 to 263 from the axial domain of major capsid proteins differ in structure. The residues form an  helix in the subunit 
that is part of the pentamers, whereas they constitute loops in the other subunits. The color coding of subunits is the same as in (B). (E) The inner capsid protein is organized 
in a T = 4 icosahedral lattice. Proteins are rainbow-colored from N terminus in blue to C terminus in red. Subunits related by icosahedral threefold axes and quasi-threefold 
axes of the T = 4 lattice form three-pointed stars in which the C terminus of one subunit is positioned next to the N terminus of another subunit. Borders of a selected 
icosahedral asymmetric unit are shown. (F) The ordering of the packaged P68 dsDNA genome (shown in blue) is disrupted around the fivefold vertices of the capsid 
(shown in yellow). Red triangle indicates one face of icosahedron. (G) Stacking interactions of two nucleotides with side chain of Trp74 of major capsid protein located next 
to fivefold vertex. (H) Side chains of Trp74 of major capsid proteins that form hexamers bind to His50 of inner capsid proteins.
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the binding site for the lower collar complex and tail fibers. The 
stem domain of the portal protein is composed of a “tail fiber hook” 
(residues 6 to 11) and helices 1, 3, and 5 (Fig. 3B). The tail fiber 
hook enables the attachment of tail fibers to the portal complex, as 
discussed in detail below. Helices 1 and 3 of the stem domain 
form the outer surface of the portal complex that interacts with the 
capsid. The wing domain, which forms the part of the portal inside 
the phage head, consists of helices 2 and 6 to 9 and strands 1 to 
3. Helix 6 of the wing domain is inserted into the neighboring 
portal protein subunit and thus stabilizes the dodecamer structure 
of the portal complex (Fig. 3A).

Asymmetric reconstruction of the portal complex of native P68 
virion, determined to a resolution of 6.6 Å, contains a unique inter-
action of one of the portal proteins, with the DNA positioned at the 
center of the portal channel (Fig. 3, C to E). Helix 9 from the wing 
domain of the unique DNA binding portal subunit binds to a side of 
the DNA helix (Fig. 3, C and D, and fig. S2D). At a resolution of 6.6 Å, 
it is not possible to identify residues of the portal protein subunit 
interacting with the phage DNA. We speculate that the interactions 
of P68 genome with the portal protein and those of the tail needle 

protein with the plug domain of the tail knob protein, as discussed 
below, hold the phage DNA inside the phage head. A similar asym-
metric interaction of one of the portal protein subunits with the end 
of the phage genome has been previously observed for phage phi812 
from the family Myoviridae (30).

Interface between capsid and portal complex
Asymmetric reconstruction of the entire P68 virion at a resolution 
of 4.7 Å enabled characterization of the interface between the capsid 
and portal complex (Fig. 3, F and G). The binding interface is formed 
by the outer surface of the wing and stem domains of the portal 
proteins and N terminus and P domain of the major capsid protein. 
The interface is in agreement with the previous prediction made on 
the basis of docking of portal complexes into capsid structures of 
other phages (27). Residues 1 to 42 from the N-terminal arm of 
the major capsid proteins adjacent to the portal are not structured. 
Residues 43 to 59 of the major capsid proteins wrap around the stem 
domains of portal proteins (Fig. 3F and fig. S4, A and B). Capsid 
proteins of all tailed phages have HK97 folds that include N-terminal 
arms. However, there is variability in the structures of the N-terminal 

Fig. 3. Structure of P68 portal complex and its interaction with capsid. (A) Twelvefold symmetrized structure of portal and inner core complexes of native P68. One 
of the portal proteins is colored according to domains: clip domain in magenta, wing in green, and stem in blue. Six inner core proteins associated with one portal protein 
subunit are highlighted in red. The inset shows the symmetry of the arrangement of the six inner core proteins. (B) Division of portal protein into domains. Color coding 
is the same as in (A). (C) Asymmetric reconstruction of portal complex showing interactions of one of the portal proteins highlighted in red, with DNA shown in blue. The 
interaction is indicated with a red arrow. One of the portal protein subunits that does not interact with the DNA is highlighted in green. (D) Detail of interaction of helix 9 
of portal protein with DNA. Cryo-EM density is shown as gray transparent surface. (E) Structure of portal protein subunit that does not interact with DNA. (F) Interface 
between portal complex and capsid. Portal proteins are shown in gray, capsid proteins are shown in blue, and N termini of capsid proteins that mediate interactions with 
the portal are shown in pink and highlighted with pink arrows. (G) Side view of capsid-portal interactions. The single major capsid protein is shown in blue and its N terminus 
in pink, portal proteins in gray, inner core proteins in red, tail fibers in orange, and lower collar proteins in green. The inset shows detail of interactions between the N-terminal 
arm of the major capsid protein and stem domains of portal proteins.
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arms among phage capsid proteins. Therefore, more high-resolution 
structures of portal complex–capsid interfaces are needed to deter-
mine whether other tailed phages use a mechanism similar to that 
of P68 for incorporating portal complexes into their capsids.

In the asymmetric reconstruction of the P68 virion, the portal 
complex exhibits 12-fold symmetry. This is in agreement with the 
previous studies of phage P22, for which it was speculated that its 
portal complex can exist in two conformations: an asymmetric one 
that binds the large terminase to enable genome packaging and a 
symmetric one present in the mature virion (31).

Inner core proteins interact with the capsid and determine 
the attachment sites of head fibers
The surface of the portal complex facing toward the center of the 
P68 head is covered by 72 subunits of the inner core protein gp22 
(Figs. 1B and 3, A and B). The structures of the inner core proteins 
were determined as part of the reconstruction of the portal complex 
from the native P68 virion with imposed 12-fold symmetry at a 
resolution of 3.9 Å. Only residues 91 to 114, which form an  helix, 
are resolved from each 147-residue-long inner core protein. The six 
inner core proteins associated with each portal protein form two 
three-helix bundles related to a quasi-twofold rotational axis (Fig. 3A). 
However, the asymmetric reconstruction of the P68 virion at a 
resolution of 4.7 Å shows that the inner core proteins positioned 
closest to the capsid have additional structured residues that interact 
with axial domains of the adjacent major capsid proteins and, by 
modifying their conformations, enable the attachment of head fibers 

to the capsid, as discussed below. Inner core proteins detach from 
the portal complex during the phage DNA release (Fig. 1C) and 
contain predicted pore-lining helices (fig. S3, I and J), indicating 
that they may enable the transport of the phage DNA across the 
bacterial cytoplasmic membrane.

Head fibers can position P68 particles for  
genome delivery at cell surface
The P68 head is decorated with five trimers of head fibers gp14, 
which are attached to the hexamers of major capsid proteins adjacent 
to the tail vertex (Figs. 1A and 4, A to C). Structures of head fibers 
are resolved in the asymmetric reconstruction of the P68 virion, 
which was determined to an overall resolution of 4.7 Å; however, 
the distant parts of the head fibers are less well resolved (Figs. 1A 
and 4A). Because of the mismatch of the 5-fold symmetry of the 
head and 12-fold symmetry of the tail, only three head fibers are 
stabilized by interaction with the tail fibers (Fig. 4A). P68 head 
fibers can be divided into the N-terminal capsid-binding domain 
(residues 1 to 55), -helical stalk (residues 56 to 339), and receptor 
binding domain (residues 340 to 481), which is positioned at the 
level of the receptor binding domains of tail fibers (Fig. 4A). A cryo-EM 
map of the fivefold symmetrized head of the native P68 virion at a 
resolution of 3.8 Å enabled the building of the poly-alanine struc-
ture of 55 residues of the capsid-binding domain of the head fiber, 
which is composed of three  sheets and an  helix (Fig. 4, B and C). 
Residues of the  sheets mediate the attachment of the head fiber to 
a hexamer of major capsid proteins (Fig. 4C). The  helices form a 

Fig. 4. Head of P68 is decorated with five head fibers attached to hexamers of major capsid proteins located next to tail vertex. (A) P68 head is decorated with five 
head fibers that extend toward tail fibers. The head fibers can be divided into the N-terminal connector shown in orange, stalk in green, and receptor binding domain in 
pink. Because of the mismatch of the 5-fold symmetry of the head and 12-fold symmetry of the tail, only fibers 1, 2, and 4 are stabilized by interactions with tail fibers. 
(B to D) N-terminal connector domains of head fibers (shown in cartoon representation in orange) are attached to hexamers of major capsid proteins (shown as blue 
density). Cryo-EM density of inner capsid proteins is shown in yellow, and arms of inner core proteins, which interact with major capsid proteins, are shown in cartoon 
representation in red. Cryo-EM density of inner core proteins is shown as semitransparent red surface. External view of P68 head (B), section through capsid (C), and internal 
view of capsid (D). (E) Section through P68 head perpendicular to tail axis at level of inner core complex. Inner core proteins that interact with major capsid proteins are 
highlighted in red. The electron density of the inner core proteins is shown as a red semitransparent surface. (F to H) Details of organization of Phe259 side chains around 
quasi-sixfold axis of hexamer of major capsid proteins. In hexamers that interact with inner core proteins, side chains (in blue) are organized with threefold symmetry in 
alternating up and down conformations (F and G). In hexamers of capsid proteins that do not interact with inner core proteins, Phe259 side chains are organized with 
twofold symmetry, with two side chains pointing into capsid and four out (F and H).
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coiled coil that enables trimerization of the head fibers (Fig. 4, 
B and C). The selectivity of binding of the head fibers to the hexamers 
of major capsid proteins adjacent to the tail vertex is determined by 
interactions of the inner core proteins with the inner face of the 
capsid (Fig. 4, D and E). Fifteen of the 72 inner core proteins present 
in the P68 head form structured “arms” that reach the axial domains 
of the closest hexamers of major capsid proteins (Fig. 4E). The inter-
action with the inner core proteins forces the side chains of Phe259, 
from the axial domains of the major capsid proteins, to adopt a 
threefold symmetrical alternating “in and out” conformation (Fig. 4, 
F and G, and fig. S3G). In contrast, in hexamers of the major capsid 
proteins that do not interact with the inner core proteins, two Phe259 
side chains point toward the center of the head and four side chains 
point away from the particle center (Fig. 4, F and H, fig. S3H). In 
summary, the binding of the inner core proteins causes a change of 
symmetry of the six Phe259 side chains from twofold to threefold 
and thus defines the attachment sites for the head fiber trimers.

Residues 340 to 477 of the head fiber are homologous to the 
receptor binding proteins of lactococcal phages TP901-1, P2, and 
bIL170 (table S3) (32–34). The putative receptor binding domains 
of P68 head fibers are positioned next to the receptor binding 
domains of tail fibers (Fig. 4A). Therefore, the binding of head 
fibers to receptors can position P68 with its tail orthogonal to the 
cell surface for genome delivery. This is supported by the broader 
host range of phage P68 in comparison to the closely related phage 
44AHJD, which lacks the gene for the head fiber (23, 35). In con-
trast, the head fibers of previously structurally characterized phages 
point in all directions and are thought to function in the reversible 
attachment of phages to cells in random orientations.

Lower collar complex and tail needle of P68 tail
The structure of the 12-fold symmetrized tail of the P68 virion was 
determined to a resolution of 3.9 Å. The lower collar complex is 
attached to the portal complex and forms the central part of the P68 
tail (Figs. 1, A and B, and 5A). The dodecamer of lower collar pro-
teins (gp18) has the shape of a mushroom with a head diameter of 
162 Å and a total length of 146 Å (Fig. 5, B to D). It contains an axial 
channel that is continuous with that of the portal complex (Figs. 1B 
and 5E). The structure of the lower collar protein could be built 
except for residues 1 and 154 to 186 out of 251. It can be divided into 
three parts: the curly domain (residues 3 to 116 and 222 to 251), tube 
domain (residues 116 to 154 and 184 to 222), and knob connector 
loop (residues 154 to 184) (Fig. 5D). The curly domain, formed by 
six  helices, mediates the attachment of the lower collar complex to 
the portal complex and tail fibers. The tube domain is composed of 
two antiparallel  strands (Fig. 5, C and D). Twelve tube domains 
form a  barrel with 24  strands, which is 108 Å long (Fig. 5C). The 
knob connector loops enable the attachment of the tail knob complex, 
with sixfold symmetry, to the lower collar complex.

Portal and lower collar complexes of P68 form a channel with a 
total length of 270 Å (Fig. 5E). The inner diameter of the channel 
varies from 30 to 55 Å. The surface charge distribution inside the 
channel is mostly negative, but it is interrupted by neutral and posi-
tively charged layers (Fig. 5E). The mostly negative charge of the 
inner surfaces of the complexes enables ejection of the phage genome.

The central channel of the lower collar complex and the proxi-
mal half of that of the tail knob are filled by the tail needle trimer 
(Fig. 5F). Asymmetric reconstruction of the P68 particle at a resolu-
tion of 4.7 Å did not enable building of the atomic structure of the 

tail needle trimer. However, the structure of the tail needle protein 
of Salmonella enterica phage P22 fits the tail needle density of P68 
with a correlation coefficient of 0.8 (Fig. 5F). On the basis of the high 
content of -helical secondary structure elements, we speculate that 
the tail needle of P68 is made of gp8. It has been shown that the tail 
needle of bacteriophage P22 is essential for stabilizing packaged 
DNA inside the virion (22), and there is evidence that it enables DNA 
delivery by interacting with bacterial membranes.

Tail knob and tail spike
The tail of P68 continues beyond the lower collar protein by tail 
knob gp13 and tail spike gp11 (Fig. 1, A and B). The two complexes 
were reconstructed to resolutions of 11 and 7 Å, respectively, indi-
cating that they are more flexible than the parts of the tail near the 
phage head (Fig. 5, G to J). This flexibility may be required to allow 
the putative cell wall–degrading enzymes located in the tail spike to 
cleave a pore in the bacterial cell wall to enable genome delivery.

The previously determined crystal structure of the tail knob of 
Streptococcus phage C1 fits into the reconstruction of the correspond-
ing part of the P68 tail with a correlation coefficient of 0.65 (Fig. 5I) 
(table S3) (10). The length of the P68 tail knob is 130 Å along the tail 
axis. It has an outer diameter of 80 Å and an inner tube diameter of 
40 Å. The channel is continuous with that of the lower collar protein 
(Fig. 1B). One-third of tail knob proximal to the head of native P68 
contains a tubular density that probably belongs to the trimer of tail 
needle protein (Figs. 1B and 5, F and H), which is covalently linked 
to the end of P68 DNA (23).

An asymmetric reconstruction of the tail spike provides evidence 
that it has fivefold symmetry (fig. S5, F to H). Fivefold symmetrized, 
localized reconstruction of the tail spike shows that it is 110 Å long 
and has a maximum diameter of 70 Å (Fig. 5J). It can be divided 
into the chalice, which mediates attachment to the tail knob, and 
the distal lysis domain (Fig. 5J). Sequence comparisons indicate that 
the tail spike of P68 is homologous to the PlyCb lysin from phage 
C1 (table S3) (36). However, the structure of PlyCb does not fit into 
the reconstruction of the P68 tail spike (37). Other proteins with 
peptidoglycan degradation activities such as the amidase from S. aureus, 
peptidases from Staphylococcus saprophyticus, and endolysin from 
staphylococcal phage K are homologous to the last 130 amino acids 
of the P68 tail spike protein (table S3). This indicates that the tail 
spike proteins of P68 degrade the bacterial cell wall to enable access 
of the phage to the cytoplasmic membrane.

Tail fibers
The tail fibers of P68 form a skirt-like structure around the tail (Figs. 1, 
A and B, and 5A). Each tail fiber is a trimer of 647-residue-long 
gp17 subunits (Fig. 5B). The tail fiber can be divided into the N-terminal 
stem domain (residues 1 to 145), platform (residues 151 to 445), and 
C-terminal tower (residues 446 to 647) (Fig. 5B). Cryo-EM recon-
struction of the 12-fold symmetrized tail of P68 virion at a resolu-
tion of 3.9 Å enabled the building of the structure of the stem 
domain, which can be further subdivided into a connector (residues 
1 to 45), shoulder (residues 46 to 80), hinge (residues 81 to 115), and 
arm (residues 116 to 145) (Fig. 5B). Because of the asymmetric shape 
of the tail fiber, the three constituent subunits (A, B, and C) differ in 
structure from each other (Fig. 5B). Functionally important differ-
ences are found in the connector regions that mediate the attachment 
of the tail fiber to the portal and lower collar complexes (Fig. 5A). 
The connector domain of subunit A and shoulder from subunit C 
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Fig. 5. Structure of P68 tail. (A) Tail fibers of P68 form skirt around tail tube. Tail fibers are shown in gold; however, individual subunits of two tail fibers are distinguished 
in red, blue, and orange. Portal proteins are shown in magenta, inner core proteins in dark gray, and lower collar proteins in light gray. The inset shows details of interactions 
of tail fibers with each other and their attachment to the portal complex. (B) Structure of P68 tail fiber trimer in cartoon representation and its division into domains. 
The structure of the platform and tower domains was solved by x-ray crystallography to a resolution of 2.0 Å and fitted into the cryo-EM map of the native P68 tail. 
The inset shows a cartoon representation of the platform domain of the P68 tail fiber rainbow-colored from N terminus in blue to C terminus in red. (C) Structure of lower 
collar complex with individual subunits distinguished by rainbow coloring. (D) Division of lower collar protein into domains. The curly ring domain is shown in red and 
blue, the barrel domain is shown in yellow, and the dashed line indicates the knob-binding loop with unknown structure. (E) Surface charge distribution in inner core, 
portal, and lower collar complex of native P68 particle. (F) Fit of structure of tail needle of phage P22 into 12-fold symmetrized reconstruction of native P68 tail. (G) Sixfold 
symmetrized reconstruction of P68 tail knob and tail spike complexes. The surface of the cryo-EM map is radially colored on the basis of the distance from the sixfold axis 
of the complex. (H) Distribution of electron density in central section of tail knob and tail spike complexes. (I) Fit of structure of tail knob of phage C1 into P68 reconstruction. 
(J) Structure of tail spike with imposed fivefold symmetry shows its chalice and foot domains.
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form a noose-like structure that encircles the N-terminal tail fiber 
hook of the portal protein (Fig. 5A). The connector of subunit B 
binds to the shoulder domains of subunits A and B from the tail 
fiber positioned counterclockwise when looking at the tail from the 
direction of the head (Fig. 5A). The first structured residue of the 
connector of subunit C (Thr24) is located between the clamp domain 
of subunit B from the tail fiber positioned clockwise and the shoulder 
domain of subunit C and the clamp domain of subunit A positioned 
counterclockwise (Fig. 5A). Thus, the N terminus of C subunit 
mediates interactions between tail fibers that are one position re-
moved from each other.

The shoulder domain of the tail fiber is straight until the hinge 
domain, which introduces a turn of 110° (Fig. 5B). The hinge of sub-
unit C is formed by two  helices connected by a short loop, which 
allows the chain to bend and pass under subunits A and B (Fig. 5B). 
After the hinge, the three subunits form a straight coiled-coil arm 
(Fig. 5B). The cryo-EM reconstruction of the P68 tail is complemented 
by the crystal structure of the tail fiber protein determined to a resolu-
tion of 2.0 Å (table S4). Although the full-length tail fiber protein was 
used for crystallization, only the platform and tower domains (resi-
dues 139 to 647) were resolved (table S4). The combination of cryo-EM 
and x-ray results allowed construction of the complete tail fiber.

The platform domain of the P68 tail fiber has a five-bladed - 
propeller fold (Fig. 5B). Each of the blades contains four antiparallel 
 strands. The domain is cyclically enclosed, since the first N-terminal 
 strand of the domain is part of the same blade as the last three 
C-terminal  strands (Fig. 5B). It has been shown that the platform 
domains of various phages, including phi11, PRD1, and PhiKZ, con-
tain receptor binding sites (38–40). The platform of the P68 tail fiber 
is similar in structure to that of staphylococcal phage phi11 from the 
family Siphoviridae, with an RMSD (root mean square deviation) of 
the corresponding C atoms of 1.10 Å. The sequence identity of the 
two proteins is 24%. There are differences in the receptor binding 
sites within the platform domains of the two phages that may reflect 
their different receptor requirements (fig. S5, A to D). Whereas P68 
binds to wall teichoic acid glycosylated with -O-N-acetyl-glucosamine, 
phi11 can attach to both -O-N-acetyl-glucosamine and -O-N-acetyl- 
glucosamine (16).

The tower domain of the P68 tail fiber is composed of two sub-
domains (residues 454 to 555 and 556 to 645), which are structurally 
similar to each other (Fig. 5B). Each subdomain is formed of a 
four-stranded antiparallel  sheet connected by loops and two short 
helices (Fig. 5B). The  sheets are positioned close to the threefold 
axis of the fiber, whereas the loops and helices are exposed at the 
surface. The subdomains are homologous to putative major teichoic 
acid biosynthesis protein C, muramidases, and receptor binding fibers 
of R-type pyocin (table S3). Thus, the tower region may be involved in 
binding to the cell wall or peptidoglycan digestion. Compared to the tail 
fiber of phage phi11, the platform and tower domains of P68 exhibit 
domain swapping within the trimer of the tail fiber (fig. S5E) (38).

The 12-fold symmetrized cryo-EM structure of native P68 tail at 
a resolution of 3.9 Å shows interactions of residues 229 to 271 of 
platform domain of subunit B with residues 349 to 386 of chain A 
and residues 180 to 268 of chain B of platform domains from the 
neighboring tail fiber (Fig. 5A). The interface has a buried surface 
area of 1100 Å2, and it is likely that it stabilizes the “skirt” structure 
of P68 tail fibers. The flexibility of the hinge region of tail fibers was 
proposed to facilitate receptor binding in other phages (38). In con-
trast, in P68, the structure of tail fibers appears to be rigid.

Changes in P68 particles associated with genome release
The genome release of P68 is connected to the following major con-
formational rearrangements of its neck region: (i) Helix 9 from the 
wing domain of the DNA binding portal protein subunit (Fig. 3, C to E) 
detaches from the side of the DNA, and the portal complex assumes 
12-fold symmetry (fig. S4, C and D). (ii) The 12-fold symmetrized 
reconstruction of the portal complex of the empty particle, which was 
determined to a resolution of 3.9 Å, contains no density for residues 
257 to 267 and 307 to 327 from the wing domain of the portal protein 
(fig. S4, C and D). The previously determined structure of isolated 
portal complex of Bacillus phage phi29 also lacked resolved electron 
density for the corresponding residues from the wing domain. It is 
therefore possible that these residues only become structured in the 
presence of DNA in the portal channel. (iii) The inner core proteins 
are ejected from the phage head (Fig. 1, B to D). Changes in the 
structure of the wing domains of portal proteins associated with the 
decreased pressure inside the phage head after partial DNA ejection 
may trigger release of the inner core proteins.

Phages have to deliver their genomes across the cell wall and 
cytoplasmic membrane to infect Gram-positive bacterial cells. It has 
been shown that, after cleavage of the peptidoglycan cell wall, phages 
from the family Podoviridae, including phi29, release proteins that 
form pores in the cytoplasmic membrane. The pore-forming pro-
teins attach to the end of the tail tube and enable delivery of the 
phage DNA into the cytoplasm (41). Unlike virions of phage phi29, 
particles of P68 do not bind to liposomes at acidic pH (fig. S1, I to P) 
(41); instead, they aggregate with each other through their tails (fig. S1, 
I to P). However, liposomes in the mixture with P68 become distorted 
(fig. S1, I to P). It is possible that the ejected inner core proteins, 
which contain predicted pore-lining helices (fig. S3, I and J), inter-
fered with the liposome integrity.

The heads of P68 particles in the process of genome release contain 
shells of packaged DNA that are spaced 26 to 30 Å apart, whereas 
in the full virions, the DNA spacing is 20 Å (Fig. 1, B and C, and 
fig. S3F). The resolved structure of the layers of dsDNA in the P68 
genome release intermediate indicates that all the particles released 
similar amounts of DNA and provides evidence of a gradual relax-
ation of the DNA pressure during the genome release.

Only 2% of P68 genome release intermediates and empty particles 
retained their tail knobs and tail spikes in vitro (fig. S1, A to G). 
However, the tail knobs and tail spikes of the complete empty particles 
contain central channels (Fig. 1D), indicating that the complexes may 
remain attached to P68 virions during genome release in vivo.

Attachment of P68 virions with S. aureus cell wall
Electron micrographs of P68 virions with fragments of S. aureus cell 
wall show that most of the P68 virions bind with the axes of their 
tails at an acute angle to the surface of the cell wall (fig. S1H). This 
orientation of the tail is not suitable for the delivery of the phage 
DNA into a cell. The initial binding of P68 virion to the cell wall 
may be mediated by the head fibers; however, individual head fibers 
cannot be distinguished in the electron micrographs. The predicted 
receptor binding sites of tail fibers are located at the sides of the plat-
form domains rather than at the tips of the tower domains (Fig. 5B 
and fig. S5, A to D). Therefore, the receptor binding sites are located 
at the sides of the skirt formed by the tail fibers of P68 (Figs. 1A and 
5, A and B). The tail knob and tail spike form a 20-nm-long protrusion 
at the center of the tail fiber skirt (Fig. 1, A and B). Therefore, the 
P68 virion has to locally degrade the cell wall, by the hydrolase 
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activity associated with its tail spike, to produce a cavity into which 
the tip of the tail knob can be inserted so that the phage can bind 
with its tail axis perpendicular to the cell wall.

Mechanism of P68 genome delivery
The structures of the P68 virion, its genome release intermediate, and 
empty particle in combination with the observation of the attach-
ment of P68 virions to the S. aureus cell wall enabled us to propose 
the mechanism of P68 genome delivery (Fig. 6). P68 virion binds to 
the S. aureus cell by either head or tail fibers. At the moment of the 
initial binding, the tail axis of the phage is not perpendicular to the 
cell surface (Fig. 6 and fig. S1H). After the attachment, tail spike 
proteins degrade the cell wall, which allows the phage to position 
itself with its tail axis perpendicular to the cell surface (Fig. 6). The 
unique attachment of P68 head fibers exclusively to the hexamers of 
capsid proteins located next to the tail vertex enables the phage to 
use its head fibers for orienting itself with the tail axis perpendicular 
to the cell surface. Further cell wall digestion enables the tip of the 
P68 tail to reach the S. aureus cytoplasmic membrane. The signal 
triggering P68 genome release is unknown; however, it may be the 
binding of the tail spike to a receptor in the membrane, exposure of 
the tail spike to the hydrophobic environment of the membrane, or 
a sensing of the transmembrane potential. Subsequently, conforma-
tional changes of the P68 portal and disruption of the unique inter-
action of one of the portal protein subunits with the end of the phage 
genome enable ejection of the tail needle protein, inner core proteins, 
and DNA through the tail channel. The tail needle and inner core 
proteins may form a pore in the bacterial membrane for delivering 
phage DNA into the bacterial cytoplasm (Fig. 6).

The quasi-equivalent structure of the T = 4 icosahedral capsid 
includes conformational differences in the major capsid proteins 
from the icosahedral asymmetric unit (Fig. 2, B and C). The N-terminal 
arms and extended loops are in one plane in the major capsid proteins 
that connect two hexamers (Fig. 2C). In contrast, the same domains 
are bent 16° in the major capsid proteins that form pentamers and 
8° in subunits that connect hexamers to pentamers (Fig. 2C). Addi-
tional differences among the capsid proteins are in the structures of 
residues 253 to 263 from the axial domain, which fold into  helices 
in subunits that form pentamers and loops in subunits that belong 
to hexamers (Fig. 2D).

MATERIALS AND METHODS
P68 growth and purification
Bacteriophage P68 was purchased from the Félix d’Hérelle Reference 
Center for Bacterial Viruses (Université Laval, Québec, Canada). 
The propagation strain of S. aureus RN4220 tarM (16) was provided 
by A. Peschel from the Department of Infection Biology, University 
of Tübingen. Phage P68 was propagated on S. aureus RN4220 
tarM grown at 37°C in meat peptone broth [13 g of nutrient broth 
CM1 (Oxoid), 3 g of yeast extract powder L21 (Oxoid), and 5 g of 
peptone L37 (Oxoid) were dissolved in distilled water to a final volume 
of 1000 ml, and the pH was adjusted to 7.4 using 10 M NaOH].

Phage lysate from 300 ml of bacterial culture was centrifuged 
at 5000g for 30 min at 4°C. The resulting supernatant was filtered 
through a 0.45-m polyether-sulfone syringe filter (Techno Plastic 
Products, Switzerland) to remove bacterial debris. Phages were 
pelleted by centrifugation at 64,000g for 2.5 hours at 4°C. The result-
ing pellets were resuspended in 350 l of phage buffer [50 mM tris 
(pH 8.0), 10 mM CaCl2, and 10 mM NaCl] by mild shaking over-
night at 5°C. The resulting solution was mixed with an equal amount 
of chloroform by gently inverting the tube 10×. The mixture was 
centrifuged at 3000g for 10 min at room temperature. The aqueous 
fraction from the chloroform mixture was overlaid onto a preformed 
CsCl step density gradient (1 ml of each 1.45 g/ml, 1.50 g/ml, and 
1.70 g/ml of CsCl in phage buffer) and centrifuged at 194,000g for 
4 hours at 12°C using an SW55Ti rotor (Beckman Coulter). Phage 
particles forming a visible band were collected with an 0.8-mm gauge 
needle and syringe. Cesium chloride was removed from the phage- 
containing fraction by dialysis against a 5000× excess of phage buffer 
at 4°C overnight using Visking dialysis tubing type 8/32″, 0.05 mm 
thick (part no. 1780.1, Carl Roth, Germany).

Liposome preparation
Liposomes were prepared as described previously, with minor modi-
fications (41). The phospholipids (Avanti Polar Lipids) were resus-
pended in chloroform and mixed in a molar ratio that mimicked the 
composition of the cell membrane of S. aureus (41): phosphatidyl- 
ethanolamine, phosphatidyl-dl-glycerol, phosphatidyl-choline, and 
cholesterol in a molar ratio of 5:6:2:9. The chloroform-liposome 
mixture was dried for 4 hours in a 200-ml evaporation flask in a rota-
tory vacuum evaporator at 37°C and 20 rpm to create a homogenous 

Fig. 6. Mechanism of P68 genome delivery into S. aureus cell. (A) Diagram of P68 virion. (B) Mechanism of P68 genome delivery. P68 virion attaches to cell surface by 
head or tail fibers (1). This attachment allows enzymes from tail spike to cleave bacterial cell wall (2). This degradation of S. aureus cell wall enables P68 to bind with its tail 
axis perpendicular to cell surface (3). Further cell wall digestion allows tip of P68 tail to reach cytoplasmic membrane, which triggers release of inner core proteins and 
DNA (4). Inner core proteins form channel in membrane for ejection of phage DNA into bacterial cytoplasm (5).
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lipid film. The lipid film was resuspended in phage buffer [50 mM 
tris (pH 8.0), 10 mM CaCl2, and 10 mM NaCl], flash-frozen and 
thawed five times, and sonicated for 120 s using an ultrasonic cleaner 
(Sonica). Subsequently, the solution was passed 20 times through a mem-
brane with 400-nm pores in the LiposoFast Basic Extruder (Avestin).

Phage-liposome interaction
The genome ejection of P68 was induced by exposing it to pH 4.2, 
as described previously for phage phi29 (41). P68 at a concentration 
of 2 mg/ml in phage buffer [50 mM tris (pH 8.0), 10 mM CaCl2, and 
10 mM NaCl] was mixed with liposomes at a concentration of 5 mM 
in phage buffer in a volume ratio of 1:10. The pH of the mixture was 
changed to acidic by three rounds of concentrating and diluting with 
0.1 M sodium acetate, 300 mM ammonium sulfate (pH 4.2) buffer 
using 100-kDa Amicon ultra centrifugal filters. The phage was incu-
bated in the acidic buffer for 1 hour. The mixture was applied to 
holey carbon–coated copper grids (R2/2, mesh 200; Quantifoil), 
blotted, and flash-frozen in liquid ethane.

Identification of structural proteins of phage P68
The purified P68 virus was resuspended in Laemmli buffer and 
boiled for 3 min, and the proteins were separated by tricine gradient 
gel electrophoresis. All protein bands were cut from the gel and used 
for mass spectrometry (MS) analysis. In addition, P68 at a concen-
tration of 2 mg/ml in phage buffer containing 1% SDS was boiled 
for 3 min and analyzed by MS. After destaining and washing, the 
proteins were subjected to trypsin digestion (sequencing grade, 
Promega). MALDI (matrix-assisted laser desorption/ionization)–MS 
and MS/MS analyses were performed on an Ultraextreme mass 
spectrometer (Bruker Daltonics, Bremen, Germany). Data processing 
and analysis were performed with the software FlexAnalysis 3.4 and 
MS BioTools (Bruker Daltonics). Mascot software (Matrix Science, 
London, UK) was used for sequence searches in exported MS/MS 
spectra against the National Center for Biotechnology Information 
database and a local database supplied with the expected protein 
sequences. The mass tolerance of peptides and MS/MS fragments 
for MS/MS ion searches were 50 parts per million and 0.5 Da, 
respectively. The oxidation of methionine and propionyl-amidation 
of cysteine as optional modifications and one enzyme miss-cleavage 
were set for all searches. Peptides with a statistically significant peptide 
score (P < 0.05) were considered.

Cryo-EM sample preparation, data acquisition, and  
initial data processing
Solution containing the phage (3.8 l) at a concentration of 2 mg/ml 
was pipetted onto holey carbon–coated copper grids (R2/2, mesh 200; 
Quantifoil), blotted, and vitrified by plunging into liquid ethane 
using FEI Vitrobot Mark IV. The vitrified sample was transferred to 
an FEI Titan Krios electron microscope operated under cryogenic 
conditions and at an acceleration voltage of 300 kV. The illuminating 
beam was aligned for parallel illumination in NanoProbe mode, and 
coma-free alignments were performed to remove residual beam tilt. 
Imaging was done under low-dose conditions with a total dose of 
21 e−/Å2 s−1. Data were collected with underfocus values ranging from 
−1.0 to −3.0 m. Data acquisition was performed at a nominal mag-
nification of ×75,000, resulting in a calibrated pixel size of 1.063 Å. 
Micrographs were acquired using a Falcon II direct electron detector 
operated in a movie mode. One-second exposure was fractionated 
into seven frames and saved as separate files. Automated data 

acquisition was done using the acquisition software EPU (FEI). The 
micrographs were collected in two separate sessions (1405 and 1486 
micrographs) with the same microscope with identical settings. 
Micrographs from both sessions were merged and processed together.

The seven-frame movies were aligned globally and locally (5 × 5 
patch) using the software MotionCor2 (42), and the defocus values 
were estimated from aligned micrographs using the program CtfFind4 
(43). Power spectra of Fourier transforms of micrographs were 
visually inspected, and micrographs with distorted or missing Thon 
rings were discarded.

Icosahedral reconstruction of P68 capsid
P68 heads were manually boxed using e2boxer.py from the software 
package EMAN 2.1 (44). Images of 37,218 particles (600 × 600 pixels) 
were extracted from the micrographs and background-normalized 
using RELION 2.1 (45). Multiple rounds of 2D classification of par-
ticles were performed using RELION (45). Only particles belonging 
to high-resolution class averages were used for subsequent recon-
struction (36,853 particles). To generate the initial model, we used 
the random de novo model method as implemented in EMAN2 (44). 
Particles were divided into two independent sets. From each half, 
nine subsets of 4× binned images were generated. Each set contained 
1000 particles. The particles were assigned random orientations and 
iteratively reconstructed into 3D volumes using the software package 
jspr (46). Independent initial models were chosen from both half- 
datasets by selecting the two models most similar to each other. After-
ward, the initial models were unbinned 4× to match the size of the 
original images and low-pass–filtered to a resolution of 40 Å. The 
refinement was performed using the program RELION 2.1 (45). After 
initial auto refinement, 3D classification was performed without the 
alignment step. Particles belonging to the best class (21,625 particles) 
were selected for further RELION auto refinement with imposed 
icosahedral symmetry and maximum allowed deviations from pre-
vious orientations of 10°. The resulting map was threshold-masked, 
divided by the modulation transfer function, and B-factor sharpened 
during the post-processing in RELION (45).

Capsids of genome release intermediates and empty particles were 
determined using the same reconstruction strategy. After 2D classi-
fication, 4040 and 10,259 images were available for the reconstruc-
tions of capsids of genome release intermediate and empty particles, 
respectively. After 3D classification, the numbers of particles were 
2332 and 8580, respectively.

Asymmetric reconstruction of native P68 virion
For the asymmetric reconstruction of the whole virion, the particles 
were extracted from the original micrographs using a box size of 
1200 × 1200 pixels. The images were 2× binned in Fourier space 
using xmipp_transform_downsample (47), resulting in a pixel size 
of 2.126 Å. Initial 2D classification with a circular mask with a 
diameter of 1000 Å led to the selection of 34,717 particles for further 
processing. The structure of phage P22 (EMD-1222) scaled to 73% 
of its original size was used as the initial model for 3D reconstruction 
(48). Asymmetric refinement, using the auto refine procedure, was 
performed using the software package RELION. This was followed 
by 3D classification, which used orientations and center offset values 
from the previous round of refinement. The class with the best- 
resolved details contained 33,612 particles, which were used for 
further 3D refinement. A mask that covered the whole virion 
was generated using the programs UCSF Chimera, Segger, and 



Hrebík et al., Sci. Adv. 2019; 5 : eaaw7414     16 October 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

11 of 14

relion_mask_create (4-pixel expansion and 5-pixel soft edges) (45, 49, 50). 
The mask was used in the final rounds of refinement with local angular 
searches using the RELION auto refine procedure (45).

Reconstruction of capsid with fivefold symmetry
Images of capsids of native virions (33,612 particles) from the 3D 
classification of the asymmetric reconstruction were used as the initial 
dataset for fivefold symmetrized reconstruction. Refinement with 
imposed C5 symmetry was followed by 3D classification without 
alignment. After 3D classification, 28,826 particles were retained for 
further reconstructions. These particles were re-extracted in boxes 
of 600 × 600 pixels. A mask that included the capsid was created us-
ing the programs UCSF Chimera, Segger, and relion_mask_create.py 
(4-pixel expansion and 5-pixel soft edges) (45, 49, 50). Masked 3D 
refinement with local searches around the previously determined 
orientations was performed using the RELION auto refine procedure 
(45). Identical strategies were used for the reconstructions of five-
fold symmetrized capsids of genome release intermediates and empty 
particles.

Localized reconstruction of P68 portal and tail
Reconstruction of the P68 head with imposed fivefold symmetry 
provided Euler angles describing particle orientations with a phage 
tail along the positive direction of the coordinate z axis. The distance 
of the center of the tail from the center of the capsid was determined 
on the basis of the fivefold symmetrized map of the P68 virion using 
the program UCSF Chimera (49). The script localized_reconstruction.
py (51) was used to extract subparticles centered on the tail (512 × 
512 pixels). 2D classification of the tails of native P68 virions resulted 
in the selection of 35,490 images. An initial model of the tail was 
calculated using relion_reconstruct.py by applying the Euler angles 
determined in the C5 reconstruction of the capsid (45). The model 
of the tail with C5 symmetry was low-pass–filtered to 40 Å and used 
as an initial reference for RELION auto refinement with imposed 
C12 symmetry. Segments of the reconstruction corresponding to the 
portal and tail were segmented using the programs UCSF Chimera 
and Segger and combined to generate a mask covering the portal and 
tail with the program relion_mask_create.py (4-pixel expansion and 
5-pixel soft edges) (45, 49, 50). 3D classification with the applied 
mask, omitted alignment, and imposed C12 symmetry was used to 
select 21,702 particles. The particles were subjected to auto refine-
ment and post-processing in RELION (45). The poly-alanine struc-
ture was manually built into the resolved parts of the P68 tail. The 
Protein Data Bank (PDB) was used to prepare an improved mask 
covering the portal complex, N-terminal parts of tail fibers, and 
lower collar protein, using the program e2pdb2mrc.py from the 
EMAN2 package and relion_mask_create.py (4-pixel expansion and 
5-pixel soft edges) (44, 45). This mask was used in one more round 
of auto refinement, in which orientation and offset searches were 
limited to ±9° and ±3 pixels, respectively. The refinement strategy is 
summarized in fig. S6.

The reconstruction strategies of tails of P68 particles in the pro-
cess of genome release and empty particles were identical to those of 
the full particle. For the genome release intermediates, the initial 
number of particles was 4040. After 3D classification, 1506 particles 
were selected for the final 3D auto refinement. The initial set of 
empty particles contained 10,288 images. After 2D classification, 
6123 particles were selected. 3D classification resulted in the selection 
of 3246 particles.

2D classifications of the particles in the process of genome release 
and empty particles identified subsets of particles with intact tail 
knobs and tail spikes. 3D classifications of these subsets with imposed 
C12 symmetry yielded 98 and 112 particles for the genome release 
intermediate and empty particles, respectively.

Localized reconstruction of P68 tail knob and tail spike
Side views of native P68 virions were selected for determining the 
structure of the tail knob and tail spike (21,016 particles). Boxed par-
ticles (1440 × 1440 pixels) were 2× binned using xmipp_transform_
downsample (47). Projection images of a properly oriented recon-
struction of the whole P68 virion, lacking the tail knob and tail spike, 
were subtracted from the particle images using the program relion_
project.py (45).

Parts of the images containing the tail knob were boxed (128 × 
128 pixels) from the difference images using the program localized_
reconstruction.py (51). After 2D classification, 8589 particles were 
selected for reconstruction. An initial model of the tail knob was 
calculated using the particle orientations from the asymmetric re-
construction of the whole virion. 3D auto refinement in RELION 
was used to calculate the structure of the complex with imposed C6 
symmetry. The resulting map was used to generate a mask (extended 
by 4 pixels and a soft edge of 5 pixels) using the program relion_
mask_create.py (45). The final structure of the complexes was de-
termined in 3D auto refinement with the use of the mask in the 
RELION package (45).

Parts of the images containing the tail spike were extracted from 
the same set of difference images as the tail knobs (128 × 128 pixels). 
After 2D classification, 6121 particles were selected for reconstruc-
tion. The initial model was calculated using the particle orientations 
from the asymmetric virion reconstruction. The asymmetric recon-
struction indicated that the tail spike complex has fivefold symmetry; 
therefore, it was enforced during the subsequent rounds of structure 
refinement. A mask was generated from the tail spike map using the 
program relion_mask_create (extended by 4 pixels and a soft edge 
of 5 pixels) (45). The final rounds of reconstruction in RELION 
were performed with the use of the mask (45). The final map was 
threshold masked, MTF corrected, and B-factor sharpened using the 
program relion_postprocess. The refinement strategy is summarized 
in fig. S6.

Asymmetric reconstruction of portal
Asymmetric reconstruction of the portal complex of native P68 was 
determined using symmetry expansion from the C12 symmetrized 
localized reconstruction of the portal (21,702 particles). Initially, 
the particle orientations from the previous C12 reconstruction were 
symmetry expanded to C1 using the program relion_particle_
symmetry_expand.py (45). Mask covering the portal complex was 
generated from the C12 symmetrized structure. Focused 3D classifi-
cation with 12 classes using the symmetry-expanded orientations 
was performed in RELION (45). The alignment step was omitted to 
prevent overfitting. Regularization factors in the range of 20 to 50 
were tested to establish the optimal value to detect asymmetric 
features in the portal. The best reconstruction as judged by map 
interpretability was obtained with the regularization factor 33. The 
class from the 3D classification showing an asymmetric interaction 
between one of the portal protein subunits and dsDNA was chosen for 
further refinement. Duplicate particle images (C12 symmetry–related 
images of the same particle) were discarded from the reconstruction, 



Hrebík et al., Sci. Adv. 2019; 5 : eaaw7414     16 October 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

12 of 14

resulting in 7568 unique particles. Final refinement was performed 
using RELION auto refine, with the application of a mask, but without 
the orientation search (45). The refinement strategy is summarized 
in fig. S6.

Cryo-EM structure determination and refinement
PDB structures were built manually using the program COOT (52). 
Maps of P68 capsids with imposed icosahedral symmetries were first 
rotated to the standard 222 orientation (one of the fivefold symmetry 
axes of the particle in the xy plane is rotated 31.717° from the y axis). 
The maps were cropped and normalized, the center of the particle 
was moved to the center of the box, and the map was converted to 
crystallographic space group P23. The map of the portal and tail 
with C12 symmetry was cropped, normalized, and interpolated to a 
crystallographic P6 space group. The high-symmetry space groups 
were used to reduce the computational resources required for refine-
ment of the structures.

Initially, the structures were built as poly-alanine chains. Noting the 
positions of residues with large side chains and aligning them to sequences 
of P68 structural proteins identified individual proteins in the recon-
structions. Final models were iteratively refined in real space using the 
program PHENIX real_space_refine.py and, in reciprocal space in 
the program REFMAC5, corrected manually in COOT (52–54).

Preparation of S. aureus cell walls
S. aureus strain RN4220 tarM was grown in a meat peptone broth 
until the optical density at 600 nm (OD600) of 0.8. Cell culture 
(20 ml) was centrifuged at 8000g for 10 min. Resulting pellet was 
resuspended in a phage buffer to an OD600 of 40. Afterward, 1 ml of 
the cell suspension was mixed with 1 ml of Lysing Matrix B (MP 
Biomedicals) containing 0.1-mm silica spheres in a 2-ml FastPrep 
tube (MP Biomedicals). The 2-ml FastPrep tube was placed in the 
Microtube Homogenizer FastPrep-24 Classic Instrument (MP Bio-
medicals). The cells were homogenized for 5 min. The resulting 
lysate was centrifuged at 300g for 1 hour. The resulting supernatant 
was carefully pipetted to a 1.5-ml tube. The supernatant was centri-
fuged at 20,000g for 2 hours. The peptidoglycan appeared as a small 
pellet at the bottom of the tube. Last, the pellet was resuspended in 
50 l of the phage buffer.

Purification and crystallization of P68 tail fiber
The gene encoding the tail fiber of P68 in plasmid pMUH17 was a 
gift from U. Bläsi from Max F. Perutz laboratories in Vienna (35). 
The tail fiber protein was purified as described previously (35), with 
minor changes. The His-tagged tail fiber protein was expressed in 
Escherichia coli strain BL21 (DE3). After overnight cultivation in LB 
medium at 37°C and 200 rpm, the preculture was diluted 100× into 
1000 ml of fresh LB medium. The culture was grown at 37°C with 
200 rpm shaking until an OD600 of 0.7 was reached. The expression 
was induced by the addition of isopropyl--d-thiogalactopyranoside 
to a final concentration of 1 mM. After 4 hours of protein expres-
sion at 37°C and 200 rpm shaking, the culture was centrifuged at 
4000g for 30 min. The cell pellet was resuspended in 50 ml of lysis 
buffer [300 mM NaCl, 40 mM imidazole, 50 mM NaH2PO4 (pH 8.0), 
1 mM phenylmethylsulfonyl fluoride (PMSF), and lysozyme (1 mg/ml)], 
incubated for 1 hour at 4°C, and homogenized by sonication using 
a Qsonica Q700 sonicator (2-s sonication, 2-s pause, 4-min sonica-
tion, 50 W). The cell lysate was centrifuged at 20,000g for 40 min at 
4°C and loaded onto a HisTrap column (GE Healthcare) equilibrated 

with lysis buffer. Most of the impurities were eluted with wash buffer 
[70 mM imidazole, 300 mM NaCl, 50 mM NaH2PO4 (pH 8.0), and 
1 mM PMSF]. His-tagged tail fiber protein was eluted from the col-
umn using elution buffer [500 mM imidazole, 300 mM NaCl, 50 mM 
NaH2PO4 (pH 8.0), and 1 mM PMSF]. The solution containing tail 
fiber protein was dialyzed against 25 mM tris-HCl (pH 7.5), 150 mM 
NaCl buffer, followed by separation in a HiLoad 16/600 Superdex 
200 pg size exclusion column (GE Healthcare). The tail fiber pro-
tein eluted in the void volume of the column. The protein at a con-
centration of 5 mg/ml in 25 mM tris-HCl (pH 7.5), 150 mM NaCl 
buffer was used for crystallization screening. Crystals were obtained in 
a CrystalEX 96-Well conical bottom plate (Hampton Research) by 
the sitting-drop vapor diffusion method by mixing 0.5 l of protein 
solution with 0.5 l of 200 mM MgCl2, 100 mM Hepes (pH 7.0), and 
20% (w/v) PEG 6000 (polyethylene glycol, molecular weight 6000). 
Hexagonal crystals with dimensions up to 200 m formed within 
30 days.

X-ray data collection, structure determination, 
and refinement
Crystals of tail fiber protein in mother liquor solution were vitrified 
by plunging into liquid nitrogen. Diffraction data were collected 
at the SOLEIL synchrotron on beamline PROXIMA-1 equipped 
with a Pilatus 6M detector. The data were integrated and scaled 
using the package XDS (55). The model for molecular replacement 
was prepared by converting the tail fiber of phage phi11 (PDB 5EFV) 
to poly-alanine and rebuilding it according to the threefold aver-
aged cryo-EM map of the P68 tail fiber (56). The quality of the 
cryo-EM map was sufficient for building the poly-alanine chain of 
residues 150 to 570, except for several loops in poorly resolved 
regions of the map. Molecular replacement was performed using 
the program Phaser (57). The trimers of the tail fiber proteins sit 
on threefold axes of the R3 space group. Because of the crystal pack-
ing, the stem domain has to be bent nonphysiologically within 
the arm region. It is likely that the bending of the arm region dif-
fers among subunits within the crystal, which results in a local dis-
order. Therefore, the x-ray electron density map does not contain 
resolved features corresponding to the arm domain of the tail fiber 
protein. The structure was subjected to several rounds of automated 
building using the programs Phenix_auto_build and ARP/wARP 
combined with manual corrections in COOT and refinement in 
REFMAC5 (52, 54, 58).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/10/eaaw7414/DC1
Fig. S1. Purified sample of P68 contains native virions, particles in process of genome release, 
and empty particles; attachment of P68 virions to S. aureus cell walls; and interactions of P68 
virions with liposomes.
Fig. S2. Resolution and interpretability of cryo-EM reconstructions.
Fig. S3. Details of P68 head.
Fig. S4. Incorporation of P68 portal complex into capsid and changes in the structure of P68 
portal complex upon genome release.
Fig. S5. Structures of P68 tail fiber and tail spike.
Fig. S6. Schemes of cryo-EM reconstruction strategies.
Table S1. Cryo-EM structure quality indicators.
Table S2. List of P68 proteins.
Table S3. HHpred searches for homologs of P68 tail fiber, head fiber, tail knob, and tail spike.
Table S4. X-ray structure quality indicators.

View/request a protocol for this paper from Bio-protocol.
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Article 2: ICAM-1 induced rearrangements of capsid and genome prime
rhinovirus 14 for activation and uncoating The study was initiated by ob-
servation of rhinovirus 14 forming a stable complex with its receptor intercellular
adhesion molecule 1 (ICAM-1). The observation was contradictory to previous re-
ports, which showed that ICAM-1 causes uncoating of rhinovirus 14 and rhinovirus 3
at neutral pH [120, 121, 122]. I designed a series of experiments that tested what con-
ditions cause rhinovirus 14 to release its genome. Other enteroviruses (e.g., EV18)
are sensitive to the acidic pH of the endosome, where pH 6.0 causes uncoating of
the virus. Thus, I exposed rhinovirus 14 to pH 6.2. When I formed the rhinovirus
14-ICAM-1 complex and subsequently changed the pH to 6.2, most of the particles
(>90%) released their genome or were in the activated state.
The next question was the determination of the mechanism - why is the receptor
necessary for the uncoating? Initially, I looked into the structure of the native virion.
I noticed an unidentified cryo-EM density around a 2-fold symmetry axis. I identified
the cryo-EM density as part of the genome and built an RNA octanucleotide into
the density where one base interacts with conserved residue Trp38 of VP2. Then, I
compared the structures of the native virus and the rhinovirus 14-ICAM-1 complex.
The structures are very similar except for the C-terminal (Ct) part of VP4. In the
native virus, the Ct part of VP4 is located in the vicinity of the 3-fold symmetry
axis of the viral capsid, while in the rhinovirus 14-ICAM-1 complex, it moves near
the 2-fold symmetry axis. Moreover, after receptor binding, the VP4 replaces the
RNA base in the interaction with Trp38, which is in accordance with changes of Trp
fluorescence measured by nanoDSF during in vitro uncoating of rhinovirus 2 [123].
That also causes conformational changes to the genome. A strong genome density
appears around the 3-fold symmetry axis, where the VP4 is in the native virus. All
these structural changes caused by the receptor binding prime the virus for uncoating.
The VP4 is ideally positioned to escape from the virus through pores that appear
after acidification of the outer environment, which causes activation of the virus
(release of VP4 and expansion of the viral particle), and subsequent genome release.
All in all, the receptor binding causes changes to the structure of the capsid and
genome, which are necessary for the subsequent steps which result in genome release
into the host cytoplasm.
The structure of the rhinovirus 14-ICAM-1 complex was solved by cryo-EM in 2004
to a resolution of approximately 10 Å. At such resolution, it is not possible to iden-
tify movements of parts of proteins or RNA. Thus, at that time, it was not pos-
sible to elucidate the mechanism of uncoating of the virus. Moreover, our results
are contradictory to the previous ones, which reported that binding of ICAM-1 to
rhinovirus-14 causes conversion of the rhinovirus-14 to activated state and subse-
quent uncoating. Other experiments have shown that the ability of ICAM-1 to
trigger the genome release depends on temperature, receptor concentration, and
buffer composition [120, 124]. The experiments showing that ICAM-1 can induce
genome release of rhinovirus-14 were performed in non-physiological concentrations
of salts [120, 121, 122], which could destabilize the virus particles. It is essential for
viruses to precisely control their genome release because uncoating just after binding
to ICAM-1 would lead to premature genome release at the cell’s surface.
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Most rhinoviruses, which are the leading cause of the common cold,
utilize intercellular adhesion molecule-1 (ICAM-1) as a receptor to
infect cells. To release their genomes, rhinoviruses convert to acti-
vated particles that contain pores in the capsid, lack minor capsid
protein VP4, and have an altered genome organization. The binding
of rhinoviruses to ICAM-1 promotes virus activation; however, the
molecular details of the process remain unknown. Here, we present
the structures of virion of rhinovirus 14 and its complex with ICAM-1
determined to resolutions of 2.6 and 2.4 Å, respectively. The cryo-
electron microscopy reconstruction of rhinovirus 14 virions contains
the resolved density of octanucleotide segments from the RNA ge-
nome that interact with VP2 subunits. We show that the binding of
ICAM-1 to rhinovirus 14 is required to prime the virus for activation
and genome release at acidic pH. Formation of the rhinovirus 14–
ICAM-1 complex induces conformational changes to the rhinovirus
14 capsid, including translocation of the C termini of VP4 subunits,
which become poised for release through pores that open in the
capsids of activated particles. VP4 subunits with altered conforma-
tion block the RNA–VP2 interactions and expose patches of posi-
tively charged residues. The conformational changes to the capsid
induce the redistribution of the virus genome by altering the
capsid–RNA interactions. The restructuring of the rhinovirus 14 cap-
sid and genome prepares the virions for conversion to activated
particles. The high-resolution structure of rhinovirus 14 in complex
with ICAM-1 explains how the binding of uncoating receptors en-
ables enterovirus genome release.

virus | structure | receptor | cryo-electron microscopy | genome release

Human rhinoviruses are the cause of more than half of com-
mon colds (1). Medical visits and missed days of school and

work cost tens of billions of US dollars annually (2, 3). There is
currently no cure for rhinovirus infections, and the available
treatments are only symptomatic. Rhinoviruses belong to the
family Picornaviridae, genus Enterovirus, and are classified into
species A, B, and C (4). Rhinoviruses A and B can belong to either
“major” or “minor” groups, based on their utilization of inter-
cellular adhesion molecule-1 (ICAM-1) or low-density lipoprotein
receptor for cell entry (5–7). Type C rhinoviruses use CDHR3 as a
receptor (8). Rhinovirus 14 belongs to the species rhinovirus B
and uses ICAM-1 as a receptor. Receptors recognized by rhino-
viruses and other enteroviruses can be divided into two groups
based on their function in the infection process (9). Attachment
receptors such as DAF, PSGL1, KREMEN1, CDHR3, and sialic
acid enable the binding and endocytosis of virus particles into cells
(10–13). In contrast, uncoating receptors including ICAM-1,
CD155, CAR, and SCARB2 enable virus cell entry but also pro-
mote genome release from virus particles (5, 14–16).
Virions of rhinoviruses are nonenveloped and have icosahedral

capsids (17). Genomes of rhinoviruses are 7,000 to 9,000 nucleotide-
long single-stranded positive-sense RNA molecules (1, 17). The
rhinovirus genome encodes a single polyprotein that is co- and
posttranslationally cleaved into functional protein subunits. Cap-
sid proteins VP1, VP3, and VP0, originating from one polyprotein,
form a protomer, 60 of which assemble into a pseudo-T = 3 ico-
sahedral capsid. To render the virions mature and infectious, VP0

subunits are cleaved into VP2 and VP4 (18, 19). VP1 subunits
form pentamers around fivefold symmetry axes, whereas subunits
VP2 and VP3 form heterohexamers centered on threefold sym-
metry axes. The major capsid proteins VP1 through 3 have a jelly
roll β-sandwich fold formed by two β-sheets, each containing four
antiparallel β-strands, which are conventionally named B to I
(20–22). The two β-sheets contain the strands BIDG and CHEF,
respectively. The C termini of the capsid proteins are located at
the virion surface, whereas the N termini mediate interactions
between the capsid proteins and the RNA genome on the inner
surface of the capsid. VP4 subunits are attached to the inner face
of the capsid formed by the major capsid proteins. The surfaces of
rhinovirus virions are characterized by circular depressions called
canyons, which are centered around fivefold symmetry axes of the
capsids (21).
The VP1 subunits of most rhinoviruses, but not those of rhino-

virus 14, contain hydrophobic pockets, which are filled by mole-
cules called pocket factors (17, 21, 23, 24). It has been speculated
that pocket factors are fatty acids or lipids (25). The pockets are
positioned immediately below the canyons. The exposure of rhi-
noviruses to acidic pH induces expulsion of the pocket factors,
which leads to the formation of activated particles and genome
release (17, 26–32). The activated particles are characterized by
capsid expansion, a reduction in interpentamer contacts, the re-
lease of VP4 subunits, externalization of N termini of VP1 sub-
units, and changes in the distribution of RNA genomes (17, 26–29,
33, 34). Artificial hydrophobic compounds that bind to VP1
pockets with high affinity inhibit infection by rhinoviruses (35, 36).
ICAM-1 is an endothelial- and leukocyte-associated protein

that stabilizes cell–cell interactions and facilitates the movement

Significance

Medical visits and missed days of school and work caused by
rhinoviruses cost tens of billions of US dollars annually. Currently,
there are no antivirals against rhinoviruses, and the available
treatments only treat the symptoms. Here, we present the mo-
lecular structure of human rhinovirus 14 in complex with its cel-
lular receptor intercellular adhesion molecule 1. The binding of
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of leukocytes through endothelia (37). ICAM-1 can be divided
into an extracellular amino-terminal part composed of five im-
munoglobulin domains, a single transmembrane helix, and a
29-residue–long carboxyl-terminal cytoplasmic domain. The im-
munoglobulin domains are characterized by a specific fold that
consists of seven to eight β-strands, which form two antiparallel
β-sheets in a sandwich arrangement (38–40). The immunoglob-
ulin domains of ICAM-1 are stabilized by disulfide bonds and
glycosylation (38–41). The connections between the immuno-
globulin domains are formed by flexible linkers that enable
bending of the extracellular part of ICAM-1. For example, the
angle between domains 1 and 2 differs by 8° between molecules in
distinct crystal forms (38, 42). As a virus receptor, ICAM-1 en-
ables the virus particles to sequester at the cell surface and me-
diates their endocytosis (5). The structures of complexes of
rhinoviruses 3, 14, and 16, and CVA21 with ICAM-1 have been
determined to resolutions of 9 to 28 Å (42–46). It was shown that
ICAM-1 molecules bind into the canyons at the rhinovirus surface,
approximately between fivefold and twofold symmetry axes
(42–46). ICAM-1 interacts with residues from all three major
capsid proteins. It has been speculated that the binding of ICAM-
1 triggers the transition of virions of rhinovirus 14 to activated
particles and initiates genome release (45, 47). However, the
limited resolution of the previous studies prevented characteriza-
tion of the corresponding molecular mechanism.
Here, we present the cryo-electron microscopy (cryo-EM)

reconstruction of the rhinovirus 14 virion, which contains re-
solved density of octanucleotide segments of the RNA genome
that interact with VP2 subunits. Furthermore, we show that the
binding of ICAM-1 to rhinovirus 14 induces changes in its capsid
and genome, which are required for subsequent virus activation
and genome release at acidic pH.

Results and Discussion
Interactions of Capsid of Rhinovirus 14 with Genome. The cryo-EM
reconstruction of rhinovirus 14 virion was determined to a reso-
lution of 2.6 Å (Fig. 1 A and B and SI Appendix, Fig. S1 and Table
S1). The map enabled building of the structure of capsid proteins
VP1 through 4 except for residues 1 to 17 and 290 to 293 of VP1, 1
to 6 of VP2, and 1 to 28 of VP4 (Fig. 1B). In addition to the capsid,
the cryo-EM map contains resolved density corresponding to
octanucleotide segments from the RNA genome (Fig. 1 A–C). The
quality of the map enabled building of the RNA structure; how-
ever, the nucleotide sequence could not be identified. The base of
the second nucleotide from the 5′ end of the RNA segment is
flipped out from the RNA helix and forms a stacking interaction
with the sidechain of Trp38 of VP2 (Fig. 1D and SI Appendix, Fig.
S2). The residue Trp38 is conserved in the VP2 subunits of nu-
merous picornaviruses, including polioviruses, rhinoviruses 2 and
16, coxsackievirus B3, coxsackievirus A9, and coxsackievirus A21
(SI Appendix, Fig. S3). Virion structures of these viruses contain
disk-like densities that stack onto the tryptophane side chains,
which were hypothesized to belong to a base of guanine nucleotide
(23, 24, 48–51). The structure of the RNA segment in the virion of
rhinovirus 14 provides evidence that the previous speculations
about the densities stacking onto Trp38 side chains were correct.
To be consistent with the previous structures, we modeled the
second nucleotide of the RNA segment in rhinovirus 14 as guanine
(Fig. 1D and SI Appendix, Fig. S2). The stacking interaction be-
tween Trp38 and the base of the second nucleotide is the only
direct contact between the RNA segment and the capsid (Fig. 1 A,
C, and D and SI Appendix, Fig. S2).
Each RNA segment in the virion of rhinovirus 14 is associated

with one protomer of capsid proteins VP1 through 4 (Fig. 1 A
and B). The RNA is positioned next to a twofold axis, and two of
the oligonucleotides interact with each other (Fig. 1 A–C). To
enable Watson–Crick base pairing between the two segments,
the nucleotide at position seven was modeled as uracil and the

nucleotide at position eight as adenine (Fig. 1C). Due to the
constraints imposed by the interaction of the RNA with the
capsid and of the interactions of two segments of the RNA with
each other, the sequence of the oligonucleotide was built as 5′
UGUUUUUA 3′. Nevertheless, other sequences that fulfill the
interaction conditions are equally possible.
The reconstruction of virion of rhinovirus 14 provides evidence

that the N termini of VP1 subunits interact with the RNA genome
(Fig. 1E). A similar function of the N terminus of VP1 was de-
scribed previously in rhinovirus 2 (26). None of the interactions
between the genomes and capsids of enteroviruses identified to
date are sequence specific. Nevertheless, even the nonspecific in-
teractions of the N termini of VP1 and Trp38 of VP2 with the
RNA may enable the packaging of the enterovirus genome into a
particle. Compounds that could prevent the RNA–capsid interac-
tion by, for instance covering the side chain of Trp38, may interfere
with the production of infectious virions.

Binding of Rhinovirus 14 to ICAM-1 Does Not Induce Genome Release.
The complex of rhinovirus 14 with ICAM-1 was prepared by
mixing the components in phosphate-buffered saline (PBS) of

Fig. 1. Structure of virion of rhinovirus 14 contains resolved density corre-
sponding to octanucleotides from its RNA genome. (A) Surface representa-
tion of cryo-EM of reconstruction of virion of rhinovirus 14 with front half of
the particle removed to show internal structure. Density corresponding to
VP1 is shown in blue, VP2 in green, VP3 in red, VP4 in yellow, and RNA
segments in pink. Borders of a selected icosahedral asymmetric unit are in-
dicated with a dashed triangle and positions of selected twofold, threefold,
and fivefold symmetry axes are represented by an oval, triangle, and pen-
tagon, respectively. (Scale bar, 5 nm.) (B) Cartoon representation of icosa-
hedral asymmetric unit of rhinovirus 14 viewed from the inside of the capsid.
The color coding of individual virus components is the same as in A. Positions
of twofold, threefold, and fivefold symmetry axes are represented by an
oval, triangle, and pentagon, respectively. (C) Two RNA octanucleotides that
interact with each other and with VP2 subunits. Protein and RNA coloring is
the same as in A. The cryo-EM density of the RNA segments is shown as a
pink semitransparent surface. RNA bases and side chains of Trp38 of VP2 are
shown in stick representation, in orange, and indicated with black arrow-
heads. The position of a twofold symmetry axis is indicated with an oval. (D)
Detail of stacking interaction between Gua2 from RNA segment and Trp38
of VP2. The cryo-EM densities of RNA and protein are shown as semitrans-
parent surfaces in pink and gray, respectively. (E) Interaction between N ter-
minus of VP1 and genome. Capsid proteins are shown in cartoon representation
with the same coloring as inA. Cryo-EM densities of individual proteins are shown
as semitransparent surfaces colored according to the chain they belong to. The
density of the RNA genome is shown in gray. The blue arrow indicates the contact
between the N terminus of VP1 and the genome. The position of Thr17, the first
modeled residue from the N terminus of VP1, is indicated.
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pH 7.4 and incubating them at 34 °C for 30 min (Fig. 2). The
temperature was chosen to mimic that in the human upper re-
spiratory tract (52). The binding of ICAM-1 did not induce the
formation of activated particles or the genome release of rhi-
novirus 14 (Fig. 2 A–C). This is in agreement with previous re-
sults showing that the ability of ICAM-1 to trigger genome
release depends on temperature, receptor concentration, and
buffer composition (47, 53). Experiments showing that ICAM-1
could induce genome release were performed in solutions with
nonphysiological concentrations of salts, which may have desta-
bilized the virus particles (42, 46, 47). Since enteroviruses have to
deliver their genomes into the cytoplasm of a host cell to initiate
infection, it would be detrimental if they released their genomes
immediately upon binding to receptors at the cell surface. Our
results show that rhinovirus 14 is stable when bound to ICAM-1
under native-like conditions (Fig. 2C), and the induction of ge-
nome release requires exposure to acidic pH in endosomes.

Structure of Rhinovirus 14–ICAM-1 Complex. The structure of rhi-
novirus 14 in complex with the soluble ectodomain of ICAM-1 was
determined to a resolution of 2.4 Å using cryo-EM and single-
particle reconstruction (Fig. 3 andSI Appendix, Fig. S1 and Table
S1). Domain 1 of ICAM-1 bound at the surface of rhinovirus 14
was resolved to a resolution of 2.6 Å (Fig. 3A and SI Appendix, Fig.
S1). Levels of density in the map region corresponding to the
domain 1 of ICAM-1 are similar to those in the capsid of the virus,
indicating full occupancy of the receptors at the virus surface.
Domains 2 and 3 of ICAM-1 are resolved to a resolution of 6 Å,
and domains 4 and 5 are not visible in the cryo-EM reconstruction

(Fig. 3A). The low resolution of the region of the map corre-
sponding to domains 2 and 3 and the lack of density for domains 4
and 5 are probably caused by movements of those domains rela-
tive to domain 1, which is anchored at the virus surface (Fig. 3A)
(38, 42, 43). In agreement with previous studies, domain 1 of
ICAM-1 binds into the canyon of rhinovirus 14, approximately in
the middle between fivefold and twofold symmetry axes (Fig. 3 B
and C) (42, 43, 45). Previous studies of the interactions of rhi-
noviruses 3, 14, and 16 with ICAM-1 were limited to a resolution
of 9.5 Å or lower (42–46). The interpretation of the macromo-
lecular interactions relied on the fitting of high-resolution struc-
tures, determined by X-ray crystallography, to the cryo-EM maps
of the complex (42–46). Therefore, the changes in the structures
of the receptor and virus, induced upon their binding, could not be
identified. Here, we show that ICAM-1 is wedged 3.4 Å deeper
into the canyon and rotated 7.6° clockwise, when looking along the
long axis of domain 1 toward the virus surface, relative to the
structure reported previously (Fig. 4 and SI Appendix, Fig. S4A)
(42, 43, 45). The interaction interface between ICAM-1 and rhi-
novirus 14 has a buried surface area of 1,500 Å2. The core of
domain 1 of ICAM-1 is formed by β-sheets ABED and GFC
(Fig. 4 A–C) (11, 54). Residues from the loops BC, DE, and FG
and strands B, C, D, E, F, and G of ICAM-1 interact with rhi-
novirus 14 (SI Appendix, Fig. S4B). The mode of attachment of
rhinovirus 14 to ICAM-1 is characteristic for uncoating receptors
that bind to enterovirus canyons (5, 9, 14, 15). The uncoating re-
ceptors of enteroviruses, including ICAM-1, CD155, and CAR, have
elongated molecules formed by domains with an immunoglobulin

Fig. 2. Binding of ICAM-1 to rhinovirus 14 is required for efficient genome release at acidic pH. (A–D) Electron micrographs (Top), reference-free two-
dimensional class averages (Center), and 3D reconstructions (Bottom) of rhinovirus 14 and rhinovirus 14–ICAM-1 complex at neutral and acidic pH. The cryo-
EM reconstructions are rainbow colored based on the distance of the particle surface from its center. Names above the reconstructions indicate the types of
particles. Percentages below the reconstructions indicate the relative abundance of each type of particle in the sample. (A and B) Rhinovirus 14 at pH 7.4 (A)
and 6.2 (B). (C and D) Rhinovirus 14–ICAM-1 complex at pH 7.4 (C) and 6.2 (D). The top row of D contains two parts of a micrograph to show all types of
particles present in the sample. Black arrowheads indicate virions, yellow indicate empty particles, cyan indicate rhinovirus 14–ICAM-1 complex, green indicate
activated particles, and red indicate open particles. (Scale bars, 30 nm.) (E–H) Conformational changes to VP4 are induced by ICAM-1 binding but not by acidic
pH. Surface representations of cryo-EM reconstructions showing the inner faces of capsids. The surfaces are color coded according to the capsid proteins with
VP1 in blue, VP2 in green, VP3 in red, and VP4 in yellow. Only particles containing VP4 are shown. Positions of icosahedral symmetry axes are indicated with a
black pentagon, triangle, and oval for fivefold, threefold, and twofold, respectively. Black arrows highlight C termini of VP4.
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fold, which enables their insertion into the canyons of enterovirus
particles (5, 14, 15).

Conformational Changes Required for Binding of Rhinovirus 14 to
ICAM-1. The binding of rhinovirus 14 to ICAM-1 is accompanied
by the local restructuring of domain 1 of ICAM-1 and surface loops
of capsid proteins, as well as by overall changes in the structure of
the rhinovirus-14 capsid (Figs. 4 and 5 and SI Appendix, Figs. S5 and
S6). VP1 subunits rotate 1.7° toward VP2 and VP3, which results in

a contraction of the canyon (Fig. 4A). As a result, the capsid ex-
pands by 5 Å in diameter (Fig. 4A). The binding of ICAM-1 to
rhinovirus 14 requires the bending of the FG loop of ICAM-1 8 Å
toward the core of the immunoglobulin domain (Fig. 4B and SI
Appendix, Fig. S5). This conformational change is necessary to
prevent the clashing of the FG loop of ICAM-1 with residues 178 to
182 from the FG loop of VP3 of rhinovirus 14 (Fig. 4B). The
conformational flexibility of the FG loop of ICAM-1 enables en-
largement of its interaction interface with the capsid.
The structures of domain 1 of ICAM-1 determined to date

contain the disulfide bonds Cys21 and Cys65 and Cys25 and
Cys69 (38–40). Residues Cys25 and Cys69 are located in the
vicinity of the virus surface when ICAM-1 binds to rhinovirus 14
(Fig. 4 C–E). Cys69 is part of the FG loop, whereas Cys25 is part
of the BC loop (Fig. 4 C and E). The density connecting Cys25
and Cys69 of ICAM-1 in the complex with rhinovirus 14 is much
weaker than that connecting Cys21 to Cys65 (Fig. 4 C and E).
However, the positions of the two cysteines in the cryo-EM
density map are consistent with the linkage of their side chains
by a disulfide bond (Fig. 4 C and E) (55). Furthermore, mass
spectrometry analysis of ICAM-1 molecules from the complex
with rhinovirus 14 did not detect any peptides containing free
Cys25 and Cys69 (SI Appendix, Fig. S7). However, peptides
containing free cysteines were observed after the reduction of
the disulfide bonds by dithiothreitol (DTT). This provides evi-
dence that Cys25 and Cys69 of ICAM-1 in complex with rhino-
virus 14 are linked by a disulfide bond. The low values of cryo-
EM density may be caused by a higher flexibility of this part of
ICAM-1, as indicated by the lower resolution than in the core of
domain 1 (Fig. 3A). The binding of rhinovirus 14 to ICAM-1 also
induces structural changes in the virus proteins. Residues 154 to
162 from the DE loop of VP1 shift 2 Å toward the core of the
subunit (SI Appendix, Fig. S6). This movement helps to accom-
modate ICAM-1 in the canyon of rhinovirus 14.

Molecular Details of the Interface between Rhinovirus 14 and ICAM-1.
The interaction between ICAM-1 and rhinovirus 14 is formed by
36 residues from domain 1 of ICAM-1 and 31, 8, and 13 residues

Fig. 3. Structure of rhinovirus 14 in complex with ICAM-1. (A) Surface representation of cryo-EM reconstruction of rhinovirus 14–ICAM-1 complex color coded
to distinguish individual proteins. Density corresponding to VP1 is shown in blue, VP2 in green, VP3 in red, and ICAM-1 in light magenta. Positions of selected
icosahedral symmetry axes are indicated by a pentagon for fivefold, triangle for threefold, and an oval for twofold. The white triangle indicates the border of
a selected icosahedral asymmetric unit. The yellow dashed rectangle indicates borders of the area shown in detail in B. (B) Roadmap projection showing
residues forming the outer surface of rhinovirus 14 capsid (Left) and residues of domain 1 of ICAM-1 facing toward the virus (Right). Coloring is the same as in
A. Residues involved in virus–receptor interactions are shown in bright colors. The polar angles θ and ϕ indicate positions at the capsid surface. (C) Schematic
representation of ICAM-1. D1 to D5 indicate extracellular immunoglobulin domains; TM, transmembrane domain; cyt, cytoplasmic domain. Disulfide bridges
(S-S) stabilizing the immunoglobulin domains are indicated. Red dashes highlight the binding site for rhinovirus 14. The ectodomain used in this study to
determine the rhinovirus 14–ICAM-1 interactions included residues 1 to 453.

Fig. 4. Conformational changes associated with binding of rhinovirus 14 to
ICAM-1. (A) Cartoon representation of icosahedral asymmetric unit of rhi-
novirus 14 in complex with ICAM-1. The VP1 subunit is shown in blue, VP2 in
green, VP3 in red, VP4 in yellow, and domain 1 of ICAM-1 in magenta. The
capsid proteins from virion of rhinovirus 14 are superimposed onto those of
the rhinovirus 14–ICAM-1 complex and are shown in white. The binding of
ICAM-1 to rhinovirus 14 induces a 1.7° tilt of VP1 toward VP2 and VP3, which
results in a narrowing of the canyon relative to the virion structure. Least-
squares planes fitted to VP1 are shown to highlight the rotation of VP1. (B)
Conformational change of FG loop of ICAM-1, shown in magenta, is required
to prevent clashes with FG loop of VP3, shown in red. The native structure of
ICAM-1 clashing with VP2 is shown in gray. (C) Cartoon representation of
structure of ICAM-1 bound to rhinovirus 14 with side chains of cysteine residues
shown in stick representation with red carbon atoms and yellow sulfur atoms.
(D and E) Detail of disulfide bridge between Cys21 and Cys65 (D) and Cys25 and
Cys69 (E). Cryo-EM density is shown as a semitransparent blue surface.
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of VP1, VP2, and VP3 of rhinovirus 14, respectively (Fig. 3B). The
specificity of the interaction is controlled by a combination of the
complementarity of the electrostatic interactions, a network of
hydrogen bonds, and the positions of patches of hydrophobic in-
terfaces. There are salt bridges between Lys77 of ICAM-1 and
Glu210 from VP1 and Lys39 of ICAM-1 and C-terminal carboxyl
group of Glu236 from VP3 (SI Appendix, Fig. S8 A and B). The
interface includes a network of 18 hydrogen bonds. Furthermore,
the resolution of the cryo-EM reconstruction of the complex was
sufficient to enable the identification of water molecules, some of
which form hydrogen bonds with both ICAM-1 and rhinovirus 14
and thus mediate interactions between the receptor and virus (SI
Appendix, Fig. S8 C and D). For example, the amino group from
the side chain of Lys29 of ICAM-1 interacts with two water
molecules that form hydrogen bonds with side chains of Thr105 of

VP3 and Asn68 of ICAM-1 (SI Appendix, Fig. S8D). It has been
shown previously that the mutation of Thr75 of ICAM-1 to Ala
reduces the efficiency of binding of rhinovirus 14 by more than
50% (54, 56). No ions were identified at the rhinovirus 14–ICAM-
1 interface (7, 57).
The interface between rhinovirus 14 and ICAM-1 contains

complementary patches of hydrophobic interactions (SI Appen-
dix, Fig. S8 E and F). Previous studies have shown that most
mutations of Pro70 from the FG loop of ICAM-1 prevent the
binding of rhinovirus 14 (54, 56). We show that Pro70 fits into a
small hydrophobic pocket formed by Pro178, Phe86, and Thr180
of VP3 (SI Appendix, Fig. S8F). Fitting Pro70 of ICAM-1 into the
hydrophobic cavity in VP3 requires movement and restructuring
of the FG loop of ICAM-1 (Fig. 4 C and E and SI Appendix, Fig.
S8F). Another residue of ICAM-1 that is critical for the binding
of rhinovirus 14 is Leu30 (54, 56). In the complex, the side chain
of Leu30 is situated between the side chains of Ile215 and
Val217 from VP1, which form a hydrophobic pocket for the
leucine side chain (SI Appendix, Fig. S8E). This explains why the
mutation of Leu30 to Ser eliminates the binding of ICAM-1 to
rhinovirus 14 (54, 56).

ICAM-1 Binding Prepares VP4 Subunits for Release from Activated
Particles. The structure of the C terminus of VP4 subunit in the
rhinovirus 14–ICAM-1 complex differs from that in the native
virion (Figs. 2 E–H and 5). The two structures of VP4 subunits are
similar for residues 29 to 57, with rmsd of Cα atoms of the cor-
responding residues of 0.44 Å. However, residues 58 to 65 of VP4
extend toward a threefold symmetry axis of the capsid in the native
virion, whereas the same residues point toward a twofold sym-
metry axis in the rhinovirus 14–ICAM-1 complex (Fig. 5A). The
movement of the C terminus of VP4 is induced by conformational
changes of the major capsid proteins, which are triggered by
ICAM-1 binding to the capsid. In the rhinovirus-14 virion, the
C-terminal carboxyl group of Asn68 from VP4 forms a salt bridge
with the side chain of Arg12 of VP2 (Fig. 5 C and E). Additionally,
the side chain of Asn68 forms two hydrogen bonds with the side
chain of Asp11 of VP2 (Fig. 5 C and E). As discussed above, the
binding of ICAM-1 to rhinovirus 14 induces a rotation of VP1
toward VP2 and VP3 (Fig. 4A). These movements of capsid
proteins bring residues 27 to 33 from the N terminus of VP2 into
the space that is occupied by Arg12 of VP2 in the native virion
(Fig. 5 D and F). This frees the C terminus of VP4 from the in-
teraction with Arg12 of VP2 and probably enables its translocation
toward a twofold axis (Fig. 5 A, D, and F). The restructuring of the
C-terminal part of VP4 to point toward a twofold symmetry axis
prepares the protein for release through either of the holes that
form at and next to the twofold symmetry axes upon particle ac-
tivation (Fig. 5 A and B) (29, 34).

ICAM-1 Binding Induces Changes in Genome Organization of Rhinovirus
14. The binding of ICAM-1 into the canyon of rhinovirus 14 in-
duces the relocation of the C terminus of VP4 toward a twofold
symmetry axis of the capsid (Fig. 5A). The movement of the C
terminus of VP4 uncovers a patch of positively charged residues at
the inner face of the capsid, adjacent to a threefold symmetry axis
(Fig. 6 A and B). The positively charged surface attracts genomic
RNA, which is represented in the cryo-EM reconstruction as a
cylindrical appendage emanating from the spherical genome den-
sity filling the center of the virus particle (Fig. 6 C–F). This indi-
cates that parts of the RNA genome in various conformations
interact nonspecifically with the positively charged regions of the
capsid. Furthermore, the N termini of VP2 subunits probably in-
teract with the RNA density positioned on a threefold axis
(Fig. 6F). The C terminus of VP4 positioned next to a twofold axis
of the capsid covers the side chain of Trp38 of VP2, which in the
native virion forms a stacking interaction with a nucleotide from
the RNA genome (Figs. 1D and 5 E and F and SI Appendix, Fig.

Fig. 5. Changes of structure of C terminus of VP4 induced by ICAM-1
binding to rhinovirus 14. (A) Surface representation of cryo-EM reconstruc-
tion of capsid of rhinovirus 14 in complex with ICAM-1 viewed from inside
the virion. Density corresponding to VP1 is shown in pale blue, VP2 in pale
green, VP3 in pale red, and VP4 in semitransparent yellow. The structure of
VP4 in the rhinovirus 14–ICAM-1 complex is shown in cartoon representation
in yellow, whereas the structure of VP4 in the virion of rhinovirus 14 is
shown in magenta. The positions of selected icosahedral symmetry axes are
indicated with a pentagon for fivefold, triangle for threefold, and oval for
twofold. Borders of a selected icosahedral asymmetric unit are indicated
with a dashed triangle. (B) Capsid structure of an empty particle of rhino-
virus 14 containing pores around twofold symmetry axes and between
twofold and fivefold symmetry axes through which VP4 may be released
from the particle. (C–F) Differences in structure of VP4 subunits in virion (C
and E) and rhinovirus 14–ICAM-1 complex (D and F). Capsid proteins are
shown in cartoon representation. VP1 is shown in blue, VP2 in green, VP3 in
red, VP4 in yellow, and RNA segments in pink. (C and E) Asn68 from C ter-
minus of VP4 interacts with Asp11 and Arg12 of VP2 in virion of rhinovirus
14. The residues Asp11 and Arg12 are stabilized in position by the under-
lying loop of VP2 formed by residues 27 to 32 (highlighted in magenta). The
side chain of Trp38 (highlighted in orange) forms a stacking interaction with
Gua2 that is part of the resolved RNA segment positioned next to a twofold
axis. (D and F) Binding of rhinovirus 14 to ICAM-1 induces conformational
changes of virus capsid that include movement of residues 27 to 32 of VP2
toward particle center, which prevents interaction of C terminus of VP4 with
residues Asp11 and Arg12 of VP2. The C terminus of VP4 acquires a new
conformation, which covers the side chain of Trp38 of VP2 and blocks its
interaction with RNA.
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S2). The loss of Trp38–RNA contact relaxes the ordering of seg-
ments of the RNA genome that interact with the capsid around
twofold symmetry axes in native virions (Fig. 6G andH). A density
corresponding to RNA at the twofold axis in the rhinovirus 14–
ICAM-1 complex does not have resolved features (Fig. 6G andH).
The interactions of the N termini of VP1 subunits with the RNA
genome remain preserved even after the binding of rhinovirus 14
to ICAM-1 (Fig. 1E). The binding of rhinovirus 14 to ICAM-1
induces a rearrangement of the RNA genome, which may play a
role in particle activation, as discussed below.

Binding of ICAM-1 Primes Particles of Rhinovirus 14 for Activation and
Genome Release. The binding of ICAM-1 to rhinovirus 14 triggers a
cascade of structural changes that prepare the particle for activa-
tion and subsequent genome release (Fig. 7 A and B). The rotation
of VP1 subunits results in a narrowing of the canyon and transmits
the conformational changes to the inside of the capsid (Fig. 7 C
and D). C termini of VP4 subunits reposition toward twofold
symmetry axes, where they are optimally poised for externalization
upon particle activation (Fig. 7 E and F). The conformational
change to C termini of VP4 subunits uncovers patches of positively

charged residues that attract genomic RNA toward threefold
symmetry axes of the capsid (Fig. 7 G and H). The same confor-
mational change prevents the interaction of Trp38 from VP2 with
bases from the ordered RNA segments of the genome positioned
next to twofold symmetry axes of the capsid (Fig. 7G and H). Both
of these effects result in reorganization of the RNA genome
(Fig. 7 G and H). These changes in the capsid and genome
structure of rhinovirus 14 induced by ICAM-1 binding are required
for efficient genome release at acidic pH (Fig. 2). All in all, 90% of
virions of rhinovirus 14 exposed to pH 6.2 remained in their native
conformation, whereas the remaining particles were empty
(Fig. 2 A, B, E, and F and SI Appendix, Table S1). The structures of
rhinovirus 14 in their native conformation and empty capsids at
acidic pH were determined to resolutions of 2.8 and 3.9 Å, re-
spectively (Fig. 2 A and B and SI Appendix, Table S1). The expo-
sure of rhinovirus 14 to acidic pH did not induce structural changes
in VP4 subunits (Fig. 2 E and F). In contrast, the exposure of
rhinovirus 14–ICAM-1 complex to pH 6.2 resulted in activation
and genome release from 95% of particles (Fig. 2 C, D, E, and H).
The structure of the activated particle was determined to a reso-
lution of 4.0 Å, empty particle to 3.9 Å, and open particle to 22 Å

Fig. 6. Conformational changes of capsid of rhinovirus 14 that are induced by binding to ICAM-1 trigger redistribution of RNA genome in the particle. (A and
B) Detail of inner capsid surface around threefold symmetry axis of virion (A) and rhinovirus 14–ICAM-1 complex (B). The surfaces are colored according to
charge. (C and D) Electron densities of central slices of cryo-EM reconstructions of virion (C) and rhinovirus 14–ICAM-1 complex (D) with a thickness of 1 Å.
White represents high density values. Density representing ICAM-1 is highlighted in magenta. Positions of icosahedral symmetry axes are indicated with an
oval, triangle, and pentagon for twofold, threefold, and fivefold axes, respectively. Black arrows in D point toward densities on threefold symmetry axes,
which are not present in the virion. Red squares indicate positions of details shown at higher magnification in E and F. (Scale bar, 10 nm.) (E and F) Details of
cryo-EM density distribution at the inner face of the capsid on a threefold symmetry axis. Capsid proteins are shown in cartoon representation with VP1 in
blue, VP2 in green, VP3 in red, and VP4 in yellow. Cryo-EM density is shown as a semitransparent gray surface. Positions of the first resolved residues from the
N termini of VP2 subunits are indicated. E and F show sections of particles with a thickness of 20 Å. (G and H) Comparison of structures of RNA genome
interacting with VP2 subunits in virion (G) and rhinovirus 14–ICAM-1 complex (H). The virion contains resolved cryo-EM density corresponding to octanu-
cleotides (G). In contrast, there is a featureless density in the rhinovirus 14–ICAM-1 complex (H). Capsid proteins are shown in cartoon representation, colored
as in E and F.
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(Fig. 2 C and D and SI Appendix, Table S1). The changes in the
capsid and genome of rhinovirus 14, which were induced by ICAM-
1 binding, may lower the energy barrier of particle activation so
that it can be overcome by random fluctuations in particle structure
due to thermal motions termed “capsid breathing” (58, 59). This
provides a putative explanation of how the reduction of capsid
dynamics by antiviral compounds, which target VP1 pockets (59),
blocks the activation and genome release of enteroviruses.
The sample of complex of rhinovirus 14 with ICAM-1 exposed

to acidic pH contained 7% empty particles missing a pentamer of
capsid protein protomers (Fig. 2D). Open particles were previ-
ously speculated to enable enterovirus genome release (33). The
expulsion of pentamers of capsid proteins results in the forma-
tion of a large hole in the capsid, which enables the diffusion of
the RNA genome from the capsid within a microsecond (33, 60).
The rapid release of a genome may be connected to its subse-
quent transport across the endosome membrane into the cyto-
plasm (61, 62).
Structural characterization of the rhinovirus 14–ICAM-1 complex

at atomic resolution provides detailed information about the con-
formational changes of both the receptor and virus that are required
for its binding. Additionally, it provides insight into the structural
changes of the virus that enable subsequent particle activation and
genome release. In combination, these results provide the basis for
the design of compounds that block enterovirus infection.

Materials and Methods
Expression and Purification of ICAM-1 D1 to D5. The extracellular part of ICAM-1
containing domains D1 to D5 was produced using the MutiBac system (Geneva
Biotech). The full-length gene of ICAM-1 was a gift from Timothy Springer
(Harvard Medical School, Boston, MA) (Addgene plasmid No. 8632; http://
addgene.org/8632; RRID: Addgene 8632). The sequence encoding domains D1
to D5, the secretion signal peptide, and the C-terminal 10 His-tag were inserted
into the pACEBac1 vector at the restriction site BamHI. The recombinant bacmid
with the target sequence was prepared by recombination in DH10EMBacY
Escherichia coli cells (Geneva Biotech). The recombinant baculovirus was pre-
pared by transfecting SF9 cells with the recombinant bacmid. A total of 250 mL
of the culture of SF9 cells were infected with the recombinant baculovirus and
incubated for 96 h at 27 °C with 120 rpm shaking. The produced protein was
secreted into the medium. Cells and cell debris were pelleted by centrifugation
at 20,000 × g at 4 °C for 15 min. The supernatant was filtered through a 0.2 μm

filter (Corning) and loaded into a HisTrap column (GE Healthcare) equilibrated
in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4).
Most of the impurities were removed by washing with PBS containing 70 mM
imidazole. His-tagged ICAM-1 D1 to D5 was eluted using PBS with 500 mM
imidazole. The eluted protein was buffer exchanged into PBS using 30 kDa
cutoff centrifugal concentrators (Millipore, Merck). The target protein was
further purified by size-exclusion chromatography, using a HiLoad 16/600
Superdex 200 pg column (GE Healthcare). Fractions containing ICAM-1 D1 to D5
were pooled and concentrated using centrifugal concentrators (Millipore,
Merck) to a final concentration of 3.5 mg/mL.

Rhinovirus 14 Purification. Rhinovirus-14 strain 1059, obtained from ATCC, was
propagated in HeLa-H1 (ATCC CRL195) cells cultivated in Dulbecco’s modified
Eagle’s medium enriched with 10% fetal bovine serum. HeLa cells grown to
100% confluence (100 tissue culture dishes, 150 mm diameter) were infected
with a multiplicity of infection of 0.1. The infection was allowed to progress for
36 h until a complete cytopathic effect was observed. The media and cells were
harvested and centrifuged at 15,000 × g at 10 °C for 30 min. The resulting pellet
was subjected to three freeze–thaw cycles and resuspended in 5 mL PBS fol-
lowed by homogenization in a Dounce tissue grinder. Cell debris was separated
from the supernatant by centrifugation at 4,000 × g for 30 min at 10 °C. The
virus-containing supernatant was combined with the media from infected cells.
The virus particles were precipitated by the addition of PEG-8000 and NaCl to
final concentrations of 12.5% (wt/vol) and 500 mM, respectively, and incubation
overnight at 10 °C. The precipitated virus was pelleted by centrifugation at
15,000 × g at 10 °C for 30 min. The pellet was resuspended in 20 mL PBS with
5 nm MgCl2. The sample was subjected to DNase (10 μg/mL final concentration)
and RNase (10 μg/mL final concentration) treatment at room temperature for
30 min. Subsequently, trypsin was added to a final concentration of 0.5 μg/mL,
and the sample was incubated at 37 °C for 15 min. EDTA (pH = 9.5) and Nonidet
P-40 (Sigma-Aldrich) were added to final concentrations of 15 mM and 1%
(vol/vol), respectively. The virus was pelleted through a 30% (wt/vol) sucrose
cushion by centrifugation at 210,000 × g in an Optima ×80 ultracentrifuge
(Beckman Coulter) using a Ti50.2 rotor. The pelleted virus particles were
resuspended in 2 mL PBS, loaded on the top of a 60% (wt/wt) CsCl solution
in PBS, and centrifuged at 160,000 × g in an Optima ×80 ultracentrifuge using
a Beckman Coulter SW41Ti rotor at 10 °C for 24 h. Opaque bands containing
virus particles were harvested and subjected to buffer exchange in PBS using a
Centricon Plus-70 centrifugal filter (Millipore) with a 100 kDa cutoff. The final
concentration of rhinovirus 14 was 0.5 mg/mL. Purified virus was kept at 4 °C.

Preparation of Rhinovirus 14–ICAM-1 Complex and Exposure to Acidic pH. The
complex of rhinovirus 14 with ICAM-1 was prepared by mixing rhinovirus 14
with ICAM-1 at a molar ratio of 1:100 at pH 7.4 and incubating the mixture

Fig. 7. Overview of structural changes to rhinovirus 14 induced by binding of ICAM-1 that prepare the virus for activation and genome release. (A) Native
virion diffuses toward cell membrane (green ribbon) decorated with ICAM-1 molecules (blue sticks with dark blue heads representing domain 1). The virus
particle is represented by a central slice with the electron density of VP1 shown in light blue, VP2 in light green, VP3 in light red, VP4 in yellow, the genome in
purple, and resolved RNA segments in pink. (B) Rhinovirus 14 is endocytosed by the cell after binding to ICAM-1. (C–H) Sequence of structural changes in virion
induced by binding to ICAM-1. C, E, and G represent native virion, whereas D, F, and H show rhinovirus 14–ICAM-1 complex. (C and D) Binding of ICAM-1
induces rotation of VP1 subunit toward VP2 and VP3. Virus components are colored as in A. (E and F) ICAM-1 binding induces disruption of interactions
between C terminus of VP4 and N terminus of VP2. C terminus of VP4 repositions from a threefold symmetry axis (indicated with a triangle) toward a twofold
symmetry axis (oval). (G and H) Movements of C termini of VP4 subunits uncover positively charged residues around twofold symmetry axes, which attract
negatively charged RNA genome. Furthermore, the C terminus of VP4 in the altered conformation covers Trp38 of VP2 and prevents its specific interaction
with structured segments of the RNA genome, which relaxes the structure of RNA adjacent to the twofold symmetry axis.
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for 30 min at 34 °C. Rhinovirus 14 and the rhinovirus 14–ICAM-1 complex
were transferred to acidic pH using DyeEx 2.0 (QIAGEN) spin columns con-
taining PBS with pH 6.2. The samples were applied onto the columns and
eluted by 1 min of centrifugation at 1,200 × g. The samples were incubated
at pH 6.2 at 34 °C for 2.5 min, including the centrifugation step.

Cryo-EM Sample Preparation and Data Collection. For vitrification, 3 μL virus
samples were applied onto a holey carbon-coated copper grid (R2/1, mesh 300,
Quantifoil), blotted for 2 s, and vitrified by plunging into liquid ethane using a
Vitrobot Mark IV (Thermo Fisher Scientific). Grids for virion reconstruction
were prepared by vitrifying a virus sample with a concentration of 0.5 mg/mL.
The grids (except for those with rhinovirus 14 at pH 6.2) were then transferred
to a Titan Krios electron microscope, operating at 300 kV at cryogenic condi-
tions, equipped with a Falcon III direct electron detector (Thermo Fisher Sci-
entific). The illuminating beam was aligned for parallel illumination in
NanoProbe mode. Low-dose imaging was used with a total dose of 84.7 e−/ Å2.
Nominal magnification was set to 75,000×, resulting in a calibrated pixel size
of 1.063 Å. The dataset was recorded automatically using EPU software
(Thermo Fisher Scientific) in fast acquisition mode, using large image shifts.
The samples of rhinovirus 14 and rhinovirus 14–ICAM-1 complex were recor-
ded using five acquisitions per hole, nine holes per stage shift. The sample of
rhinovirus 14–ICAM-1 complex at pH 6.2 was recorded using seven acquisitions
per hole, nine holes per stage shift. The exposure time was set to 1 s, and each
micrograph was recorded as a movie containing 40 frames. The target defocus
range was −0.5 to −2.4 μm.

Electron micrographs from the sample of rhinovirus 14 at pH 6.2 were
collected using a Talos Arctica electron microscope (Thermo Fisher Scientific),
operated at 200 kV under cryogenic conditions, equipped with a Falcon III
direct electron detector (Thermo Fisher Scientific). The illuminating beamwas
aligned for parallel illumination in NanoProbe mode. Low-dose imaging was
used with a total dose of 34.1 e−/ Å2. Nominal magnification was set to
120,000×, resulting in a calibrated pixel size of 1.22 Å. The dataset was
recorded automatically using EPU software (Thermo Fisher Scientific) in fast
acquisition mode, using five acquisitions per hole, nine holes per stage shift.
The exposure time was set to 1 s, and each micrograph was recorded as a
movie containing 40 frames. The target defocus range was −0.5 to −2.4 μm.

Image Processing. The beam-induced movements within one micrograph were
corrected with the software MotionCorr2 using 5 × 5 patches (63). The motion-
corrected micrographs were dose weighted, and defocus values were estimated
using the program gCTF (64). Using crYOLO box manager (65), 200 particles
were boxed manually and used as a template for ab initio model training. The
resulting crYOLO model was used to pick particles. The particles were extracted
using Relion3.1 (66) with a box size of 546 px. The particles were binned to a
box size of 150 × 150 px and subjected to reference-free two-dimensional
classifications in Relion3.1 (66). Particles from classes exhibiting high-
resolution features were used for de novo model calculation with imposed
icosahedral symmetry, using stochastic gradient descent as implemented in
Relion3.1 (66). The resulting three-dimensional (3D) volume was used as a
starting model for autorefinement in Relion3.1. After initial autorefinement,
3D classification in Relion3.1 was performed, omitting the alignment step.
Particles belonging to the best class were reextracted and recentered box-size
512 × 512 px for rhinovirus 14 particles without ICAM-1 and 546 × 546 px for
the rhinovirus 14–ICAM-1 complex. Reextracted particles were subjected to
another round of autorefinement in Relion3.1. Particles were then sorted into
nine optic groups. The optics groups were determined by the position of the
image shift used for the acquisition, whereas all the acquisition areas from the
same foil hole were considered as one optics group. Therefore, only large
(interhole) image shifts were considered as separate optics groups. Magnifica-
tion correction was performed using Relion3.1, followed by beam-tilt correc-
tion, and subsequently by the estimation of third- and fourth-order Zernike
polynomials. The aberration-corrected particles were further subjected to per-
particle defocus and astigmatism correction and estimation of the CTF envelope
function (CTF B-factor fitting). The particles were subjected to autorefinement
with imposed icosahedral symmetry. Ewald sphere correction was performed as
implemented in relion_reconstruct.py in Relion3.1 (67). The resulting map was
used for Bayesian polishing of particles with default parameters. The polished
particles were used for 3D autorefinement and CTF refinement followed by
another 3D autorefinement. Finally, Ewald sphere correction was performed.
The final map was threshold masked, divided by a modulation transfer func-
tion, and B-factor sharpened using Relion3.1. Local resolutions were estimated
using the programMonoRes implemented in the Scipion software package (68,
69). Map B-factor sharpening based on local resolution estimation from Mon-
oRes was performed using the program LocalDeblur (70). The dataset of rhi-
novirus 14 with ICAM-1 exposed to pH 6.2 contained empty capsids missing

pentamers. These were identified by 3D classification with C5 symmetry, using
the complete empty capsid as an initial model. Subsequent 3D autorefinement
was performed with C5 symmetry. Neither CTF refinement nor Bayesian pol-
ishing were applied to this subset of particles.

Building and Refinement of Atomic Structure. The electrostatic potential map
from cryo-EM reconstruction was oriented to the standard 222 icosahedral
crystallographic orientation. The origin of the map was moved from the 0,0,0,
coordinate to the center of the particle using the program mapman (71). The
map was normalized and converted to crystallographic space group P23 using
the CCP4i software suite (72). The higher-symmetry space group was used to
reduce the computational demands of the model refinement. Crystal struc-
tures of rhinovirus 14 (Protein Data Bank [PDB]: 4RHV) and domain 1 of ICAM-
1 (PDB: 1IC1) were manually fitted into the cryo-EM maps using the program
Chimera and refined with the tool “Fit in map” (73). The cryo-EM structure of
an empty particle of rhinovirus 14 in complex with a Fab fragment of antibody
(PDB: 5W3O) was used as a starting model for the building of activated and
empty particles (74). The fitted models were subjected to multiple rounds of
real-space refinement in Phenix (version dev-3765), reciprocal-space refine-
ment in REFMAC5, combined with manual corrections in Coot 0.9 and ISOLDE
(75–78). Hydrogen atoms were taken into account during the real-space re-
finement, whereas they were ignored in the reciprocal-space refinement.
Waters were added automatically by the program “find waters” in Coot 0.9
and validated manually. Model validation parameters were calculated using
MolProbity server and EMringer as implemented in phenix (79, 80). The RNA
octanucleotide sequence in the native virion of rhinovirus 14 was initially built
using the program Coot and refined with restraints using the program ISOLDE
(78). Structural comparisons were performed in Chimera (73). Hydrogen bonds,
salt bridges, and residues involved in the binding interface and buried surface
areas were calculated using the program PDBePISA (https://www.ebi.ac.uk/
pdbe/pisa/). Roadmaps were produced using the program Rivem (81).

Mass Spectrometry Analyses. Purified samples of ICAM-1 and the complex of
rhinovirus 14 with ICAM-1 were digested with alpha-lytic protease (EC 3.4.21.12,
Sigma-Aldrich catalog No. A6362) for 2 h at 37 °C with shaking at 700 rpm. Half
of the volume of each sample was then reduced using 10 mMDTT (for 45 min at
57 °C with shaking at 700 rpm). After adding polyethylene glycol to a final
concentration of 0.001%, the peptides were extracted from the vials using 25%
formic acid/acetonitrile (1:1 vol/vol mixture) and vacuum concentrated. The
peptide mixture was subjected to liquid-chromatography-mass spectrometry
(LC-MS)/MS analysis using a RSLCnano system (ThermoFisher Scientific) coupled
to an Impact II Qq-Time-Of-Flight mass spectrometer (Bruker). Prior to LC sepa-
ration, peptides were online concentrated in a trap column (100 μm × 30 mm)
filled with 3.5 μm X-Bridge BEH 130 C18 sorbent (Waters). The peptides were
separated using an Acclaim Pepmap100 C18 column (3 μm particles, 75 μm ×
500 mm; ThermoFisher Scientific) by the following LC gradient program (mobile
phase A: 0.1% formic acid in water; mobile phase B: 0.1% formic acid in 80%
acetonitrile; 300 nl/min): the gradient elution started at 1% of mobile phase B
and increased to 56% over the first 50 min, then increased linearly to 80% of
mobile phase B over the next 5 min and remained at this state for the final
10 min. Equilibration of the trapping column and the column was done prior to
sample injection into the sample loop. The analytical column outlet was directly
connected to a CaptiveSpray nanoBooster ion source (Bruker). The nanoBooster
was filled with acetonitrile. MS and MS/MS spectra were acquired in a data-
dependent strategy with a 3 s cycle time. The mass range was set to 150 to
2,200 m/z and precursors were selected from 300 to 2,000 m/z. The acquisition
speed of MS and MS/MS scans was 2 Hz and 4 to 16 Hz, respectively. The speed
of MS/MS spectra acquisition was based on precursor intensity. The preprocess-
ing of the mass spectrometric data including recalibration, compound detection,
and charge deconvolution was carried out using DataAnalysis software (version
4.2 SR1; Bruker).

The obtained data were searched with an in-house Mascot search engine
(version 2.4.1; Matrixscience) against a custom database involving the ICAM-1
sequence and cRAP entries (downloaded from https://www.thegpm.org/crap/).
The database searches were done without enzyme specificity and with oxi-
dation (M) as a variable modification. The mass tolerances for peptides and
MS/MS fragments were 10 ppm and 0.1 Da, respectively. Only peptides with a
statistically significant peptide score (P < 0.05) were considered, and the
obtained MS/MS data were validated manually.

Multiple Sequence Alignment. Multiple sequence alignment of capsid proteins
of selected viruses from the family Picornaviridaewas performed in the Clustal
Omega server (82). The multiple sequence alignment was visualized in the
software Jalview 2.11.1.3 (83).
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Data Availability. The cryo-EM maps and coordinates were deposited under
the following accession codes: virion of rhinovirus 14 at neutral pH Electron
Microscopy Data Bank EMD-12171 and PDB 7BG6; rhinovirus 14–ICAM-1
complex at neutral pH EMD-12172 and PDB 7BG7; rhinovirus 14 in native
conformation at acidic pH EMD-12599 and PDB 7NUQ; empty particle of
rhinovirus 14 at acidic pH EMD-12597 and PDB 7NUO; rhinovirus 14 in native
conformation at acidic pH originating from complex with ICAM-1 EMD-
12596 and PDB 7NUN; activated particle originating from complex with
ICAM-1 at acidic pH EMD-12594 and PDB 7NUL; empty particle originating
from complex with ICAM-1 at acidic pH EMD-12595 and PDB 7NUM; and
open particle originating from complex with ICAM-1 at acidic pH EMD-
12598.
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60. K. Škubník et al., Capsid opening enables genome release of iflaviruses. Sci. Adv. 7,
eabd7130 (2021).

61. M. Bostina, H. Levy, D. J. Filman, J. M. Hogle, Poliovirus RNA is released from the
capsid near a twofold symmetry axis. J. Virol. 85, 776–783 (2011).

Hrebík et al. PNAS | 9 of 10
ICAM-1 induced rearrangements of capsid and genome prime rhinovirus 14 for activation and
uncoating

https://doi.org/10.1073/pnas.2024251118

M
IC
RO

BI
O
LO

G
Y

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

N
ov

em
be

r 
10

, 2
02

1 



62. M. Strauss, H. C. Levy, M. Bostina, D. J. Filman, J. M. Hogle, RNA transfer from po-
liovirus 135S particles across membranes is mediated by long umbilical connectors.
J. Virol. 87, 3903–3914 (2013).

63. S. Q. Zheng et al., MotionCor2: Anisotropic correction of beam-induced motion for
improved cryo-electron microscopy. Nat. Methods 14, 331–332 (2017).

64. K. Zhang, Gctf: Real-time CTF determination and correction. J. Struct. Biol. 193, 1–12
(2016).

65. T. Wagner et al., SPHIRE-crYOLO is a fast and accurate fully automated particle picker
for cryo-EM. Commun. Biol. 2, 218 (2019).

66. S. H. Scheres, A Bayesian view on cryo-EM structure determination. J. Mol. Biol. 415,
406–418 (2012).

67. C. J. Russo, R. Henderson, Ewald sphere correction using a single side-band image
processing algorithm. Ultramicroscopy 187, 26–33 (2018).

68. J. M. de la Rosa-Trevín et al., Scipion: A software framework toward integration, re-
producibility and validation in 3D electron microscopy. J. Struct. Biol. 195, 93–99 (2016).

69. J. L. Vilas et al., MonoRes: Automatic and accurate estimation of local resolution for
electron microscopy maps. Structure 26, 337–344.e4 (2018).

70. E. Ramírez-Aportela et al., Automatic local resolution-based sharpening of cryo-EM
maps. Bioinformatics 36, 765–772 (2020).

71. G. J. Kleywegt, T. A. Jones, xdlMAPMAN and xdlDATAMAN–Programs for reformat-
ting, analysis and manipulation of biomacromolecular electron-density maps and
reflection data sets. Acta Crystallogr. D Biol. Crystallogr. 52, 826–828 (1996).

72. E. Potterton, P. Briggs, M. Turkenburg, E. Dodson, A graphical user interface to the
CCP4 program suite. Acta Crystallogr. D Biol. Crystallogr. 59, 1131–1137 (2003).

73. E. F. Pettersen et al., UCSF Chimera–A visualization system for exploratory research

and analysis. J. Comput. Chem. 25, 1605–1612 (2004).
74. Y. Dong et al., Antibody-induced uncoating of human rhinovirus B14. Proc. Natl.

Acad. Sci. U.S.A. 114, 8017–8022 (2017).
75. G. N. Murshudov et al., REFMAC5 for the refinement of macromolecular crystal

structures. Acta Crystallogr. D Biol. Crystallogr. 67, 355–367 (2011).
76. P. Emsley, K. Cowtan, Coot: Model-building tools for molecular graphics. Acta Crys-

tallogr. D Biol. Crystallogr. 60, 2126–2132 (2004).
77. P. D. Adams et al., PHENIX: A comprehensive python-based system for macromolec-

ular structure solution. Acta Crystallogr. D Biol. Crystallogr. 66, 213–221 (2010).
78. T. I. Croll, ISOLDE: A physically realistic environment for model building into low-

resolution electron-density maps. Acta Crystallogr. D Struct. Biol. 74, 519–530 (2018).
79. V. B. Chen et al., MolProbity: All-atom structure validation for macromolecular crys-

tallography. Acta Crystallogr. D Biol. Crystallogr. 66, 12–21 (2010).
80. B. A. Barad et al., EMRinger: Side chain-directed model and map validation for 3D

cryo-electron microscopy. Nat. Methods 12, 943–946 (2015).
81. C. Xiao, M. G. Rossmann, Interpretation of electron density with stereographic

roadmap projections. J. Struct. Biol. 158, 182–187 (2007).
82. F. Madeira et al., The EMBL-EBI search and sequence analysis tools APIs in 2019.

Nucleic Acids Res. 47, W636–W641 (2019).
83. A. M. Waterhouse, J. B. Procter, D. M. Martin, M. Clamp, G. J. Barton, Jalview Version

2–a multiple sequence alignment editor and analysis workbench. Bioinformatics 25,

1189–1191 (2009).

10 of 10 | PNAS Hrebík et al.
https://doi.org/10.1073/pnas.2024251118 ICAM-1 induced rearrangements of capsid and genome prime rhinovirus 14 for activation and

uncoating

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

N
ov

em
be

r 
10

, 2
02

1 



3. Results and Discussion 63



64 3. Results and Discussion

Article 3: Enterovirus particles expel capsid pentamers to enable genome
release We discovered and described a new mechanism of genome release in En-
terovirus 18 (EV18), which may be common to most enteroviruses. It was known
before that receptor binding and exposure to acidic pH causes uncoating of en-
teroviruses. However, the exact mechanism was not well understood. With my
colleagues David Buchta (first-author) and Yevgen Levdansky, we observed that
when EV18 is exposed to acidic pH, it releases its genome. That was something we
expected already. However, after a more detailed inspection of the data, we noticed
that some of the particles have "curly" density in their vicinity. We concluded that it
is probably genomic RNA being released from the particles. Thus, we selected such
particles from the micrographs and started the reconstruction. After 3D classifica-
tions, we gained three classes of particles – particles lacking one capsid pentamer,
two capsid pentamers, and three capsid pentamers. Now it was clear that the EV18
must expel one or more pentamers to release its genome. We collaborated with
the computational group of Robert Vácha, who performed coarse grained molecular
dynamics simulation of the genome release. It confirmed the observed data.
It was speculated before that the genome release of Enteroviruses occurs through
one of the pores that appear on the virus capsid after activation of the viral particle
caused by the acidic environment of the endosome [85, 87, 125, 126, 127, 128]. How-
ever, this would require the RNA to uncoil its double stranded segments and to lose
its secondary structures. On the other hand, the large opening formed by losing up
to three pentamers enables the genome to escape at once, which is an entropically
favored process. Such release is fast (approximately 100 ns), which limits the time
the RNAses have to reach the genome for degradation. The open particles were
also identified for other Enteroviruses such as the above-mentioned rhinovirus 14 or
Enterovirus 30. Thus, it is possible that the genome release mechanism by expelling
one or more pentamers is widespread in the genus of Enterovirus.
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ARTICLE

Enterovirus particles expel capsid pentamers to
enable genome release
David Buchta 1, Tibor Füzik 1, Dominik Hrebík 1, Yevgen Levdansky1,3, Lukáš Sukeník1,2,
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Viruses from the genus Enterovirus are important human pathogens. Receptor binding or

exposure to acidic pH in endosomes converts enterovirus particles to an activated state that

is required for genome release. However, the mechanism of enterovirus uncoating is not well

understood. Here, we use cryo-electron microscopy to visualize virions of human echovirus

18 in the process of genome release. We discover that the exit of the RNA from the particle of

echovirus 18 results in a loss of one, two, or three adjacent capsid-protein pentamers. The

opening in the capsid, which is more than 120 Å in diameter, enables the release of the

genome without the need to unwind its putative double-stranded RNA segments. We also

detect capsids lacking pentamers during genome release from echovirus 30. Thus, our

findings uncover a mechanism of enterovirus genome release that could become target for

antiviral drugs.

https://doi.org/10.1038/s41467-019-09132-x OPEN

1 Central European Institute of Technology, Masaryk University, Kamenice 5, Brno 625 00, Czech Republic. 2 Faculty of Science, Masaryk University,
Kamenice 5, Brno 625 00, Czech Republic. 3Present address: Max Planck Institute for Developmental Biology, Max-Planck-Ring 5, 72076 Tübingen,
Germany. Correspondence and requests for materials should be addressed to P.P. (email: pavel.plevka@ceitec.muni.cz)

NATURE COMMUNICATIONS |         (2019) 10:1138 | https://doi.org/10.1038/s41467-019-09132-x | www.nature.com/naturecommunications 1

12
34

56
78

9
0
()
:,;



V iruses from the family Picornaviridae form non-enveloped
icosahedral virions that are about 30 nm in diameter.
Picornavirus capsids protect 8000-nucleotide-long single-

stranded RNA genomes, which are translated into polyproteins
that are co-translationally and post-translationally cleaved by
viral proteases to produce structural (capsid-forming) and non-
structural proteins1. The capsid proteins VP1, VP2, VP3, and
VP4 originating from a single polyprotein form a protomer, the
basic building block of the icosahedral capsid. The entire capsid
consists of 60 such protomers, arranged in 12 pentamer units.

The interactions of enteroviruses with receptors or exposure to
acidic pH in endosomes induce conformational changes in vir-
ions into an activated state characterized by increased particle
diameter, reduced contact areas between pentamers of capsid
protein protomers, release of VP4 subunits from particles, and
externalization of the N termini of VP1 subunits1–5. The activated
particles of numerous enteroviruses were shown to contain
openings along two-fold (5 × 10 Å) or five-fold (diameters of up
to 8 Å) axes of icosahedral symmetry of their capsids2–6. It has
been speculated that these pores serve for the release of enter-
ovirus genomes3,6–10. However, capsids of viruses from the
families Reoviridae and Totiviridae that release single-stranded
RNAs as part of their replication cycles contain circular pores
larger than 15 Å in diameter11,12. The size of the pores in
enterovirus capsids is not sufficient for the passage of single-
stranded RNA2–6,13–15. Furthermore, enterovirus genomes con-
tain sequences that form double-stranded RNA segments, which
fold into three-dimensional (3D) structures, such as the internal
ribosomal entry site required to initiate translation of viral
RNA16. If these double-stranded RNA segments were present
inside enterovirus particles, then the genome release would
require either the opening of pores larger than 40 Å in diameter,
or a mechanism to unwind the double-stranded RNA. However,
there is no evidence of an association between enzymes with RNA
helicase activity and enterovirus virions1,17. The structures of
enterovirus particles before and after genome release have been
characterized at high resolution3,6–10. Most of these cryo-electron
microscopy (cryo-EM) and X-ray crystallography studies
imposed icosahedral symmetry during the structure determina-
tion process and were not aimed at identifying the unique site of
genome exit3–7,9. Asymmetric single-particle reconstruction and
sub-tomogram averaging studies, at a resolution of 50 Å, were
used to indicate that RNA exits poliovirus particles close to a two-
fold axis8. The end stage of the enterovirus genome release are the
empty capsids, the structures of which were determined for sev-
eral enteroviruses4,5.

Here we show that the exit of the RNA from the particles of
echoviruses 18 and 30 requires capsid opening and results in a
loss of up to three adjacent capsid protein pentamers. The large
openings in the capsid enable the release of the genomes without
uncoiling their double-stranded RNA segments.

Results and Discussion
Opening of particles enables genome release of echovirus 18.
We imaged enterovirus particles in the process of genome release
by cryo-EM. Specifically, we performed cryo-EM of echovirus 18
virions exposed to pH 6.0 for 10 min, mimicking the acidic
environment that the virus encounters in endosomes (Fig. 1a,
Supplementary Fig. 1). Reference-free two-dimensional (2D) class
averages show that the particles releasing genomes lack parts of
their capsids (Fig. 1b). Asymmetric reconstruction combined with
3D classification identified subpopulations of echovirus 18 par-
ticles that lacked up to three pentamers of capsid protein pro-
tomers (Fig. 2a–c, Supplementary Fig. 2a). The missing
pentamers always formed a single compact opening through the

capsid (Fig. 2a–c). We call the particles lacking one or several
pentamers open particles. The remaining particles with complete
capsids were either activated particles or empty capsids (Sup-
plementary Fig. 2a). We did not detect native echovirus 18 virions
that lacked pentamers at neutral pH. The asymmetric recon-
structions of the open particles were determined to resolutions
better than 9 Å (Supplementary Table 1, Supplementary Figs 3–
5). The absence of one pentamer of capsid protein protomers
creates a 120 Å-diameter pore in the capsid (Fig. 2a). The
openings formed by the removal of one or more pentamers are
sufficiently large to allow release of the viral RNA, even if the
genome contains double-stranded RNA segments. Individual
micrographs of the open particles frequently show multiple
strands of RNA passing through the pore (Fig. 1b). In the 3D
reconstructions, the capsid openings contain featureless electron
densities with average values two times lower than those of the
protein capsid (Fig. 2d–i). This diffuse electron density corre-
sponds to an average of the RNA genomes escaping from the
virions, which have unique conformations in each of the particles
included in the reconstructions (Fig. 1b). In contrast to the for-
mation of the open particles of echovirus 18, complete capsids
were observed in the cryo-EM study of the genome release of
poliovirus8. However, the poliovirus uncoating was induced by
the exposure of particles to 56 °C, which may have affected the
secondary structure of the genome and the mechanism of its
release. A comparison of the distribution of charges and hydro-
phobic areas at the inter-pentamer contacts (Supplementary
Fig. 6) and a comparison of the inter-pentamer buried surface
areas (Supplementary Table 2) of enteroviruses do not provide
evidence why distinct enteroviruses should employ different
genome release mechanisms.

High-resolution structures of open particles of echovirus 18.
Reconstructions of the open particles missing one, two, or three
pentamers with imposed five-fold, two-fold, and three-fold
symmetries, respectively, were determined to resolutions of 3.8,
4.1, and 3.7 Å, which allowed their molecular structures to be
built (Fig. 3, Supplementary Fig. 4, Supplementary Table 1).
Except for the missing pentamers, the open particles are similar in
structure to that of the activated echovirus 18 particle: increased
diameter relative to the native virus, reduced inter-pentamer
contacts, absence of VP4 subunits, and holes along icosahedral
two-fold symmetry axes (Fig. 3, Supplementary Fig. 7)2–5,14,15.
The capsid proteins next to the missing pentamers are more
mobile than the rest of the capsid, as indicated by the three times
higher temperature factors than the remainder of the capsid.
Residues 1–42 from the N termini of VP1 subunits, which were
previously shown to interact with membranes and facilitate
enterovirus genome delivery into the cytoplasm1,18,19, are not
resolved in the electron density map, indicating that their struc-
tures differ among particles. The N-termini of some of the
VP1 subunits could reach out of the capsid through the openings
formed by the missing pentamers. It has been shown that the
RNA genome of poliovirus is protected against RNase A degra-
dation during uncoating and transfer across the membrane20. It
may seem that opening the particles of echovirus 18 exposes their
genomes for degradation. Nevertheless, in silico simulations
(Fig. 4, Supplementary Movie 1) and considerations of genome
diffusion from the capsid (for details, see Methods) show that the
large capsid opening results in a microsecond release time of the
genome. The short time required for genome release limits the
potential for its degradation. The externalized VP4 subunits and
N termini of VP1 were shown to be required for the subsequent
transport of enterovirus genomes across the endosome
membranes18,21–24.
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Re-structuring of echovirus 18 genome enables capsid opening.
Empty particles of echovirus 18 formed after genome release,
induced by exposure to acidic pH for 2 h, were used to calculate
their icosahedral reconstruction to a resolution of 3.2 Å (Sup-
plementary Table 1, Supplementary Figs 4, 7). This is consistent
with previous experiments, which show that empty capsids of
enteroviruses are stable in vivo and in vitro1–5,20. Because
the empty capsids of echovirus 18 are stable under the experi-
mental conditions, the discharged pentamers can bind back to
the capsid openings after the genome release25. It is likely that
the re-assembly of the empty particles was favored by the high
(0.5 mg/mL) concentration of echovirus 18 particles in samples
that were prepared for cryo-EM observations. Nevertheless, the
fate of the empty capsids after genome delivery is unimportant for
the infection process in vivo.

The stability of echovirus 18 empty capsids under the
conditions promoting genome release provides evidence that
the force for the expulsion of pentamers from the activated
particles is provided by the RNA genome. Comparing the cryo-
EM images of native virions with activated particles of echovirus
18 (Fig. 5), as well as other enteroviruses3,26,27, reveals that their
genomic RNAs undergo conformational changes upon exposure
to acidic pH. The conversion of echovirus 18 virions to activated
particles occurred in <3 min after exposure to acidic pH at 37 °C,
however some of the particles also released their RNA and
aggregated (Supplementary Fig. 8). This rapid conversion to
activated particles and genome release are consistent with
previous experiments showing that human rhinovirus 2 delivers
its genome into the cell cytoplasm within 2 min28. The electron
density of the genomes is distributed uniformly in echovirus 18
virions at neutral pH, but transforms to a grainy appearance in
activated particles at acidic pH (Fig. 5). During the shift from
neutral to acidic pH, the side chains of histidines of capsid
proteins (Supplementary Fig. 9), and probably also parts of the
genomic RNA, become protonated, and thus acquire more
positive charge. The reduction in the negative charge may disrupt
interactions between the RNA and positively charged polyamines
present within the virions17,29,30. The changes in the charge
distribution and putative release of the polyamines from virions
may result in the observed changes in the genome structure and
increased pressure on the capsid from the inside. The inter-
pentamer contacts of 11,000 Å2 in native echovirus 18 virion are
reduced to 5400 Å2 in the activated particles. Correspondingly,
the interaction between two pentamers in an activated particle of
echovirus 18 is 25% weaker than that in a native virion
(Supplementary Fig. 10). The weakening of the inter-pentamer
contacts together with the changes in the genome organization,
probably enable the opening of the activated particles for genome
release.

Molecular dynamics simulation of genome release. The
dynamics of the capsid opening and genome release were inves-
tigated using in silico simulations of a simplified model of the
picornavirus capsid with its genome (Fig. 4). Using certain
parameters in the model (for details, see Methods), we observed
genome release after which a pentamer was separated from a
capsid (Fig. 4, Supplementary Movie 1). In the simulations, the
capsid first cracked open to allow the release of part of the gen-
ome. During this process, one or a few pentamers separated from
the rest of the capsid. Subsequently, the two fragments of the
capsid closed, resulting in an open capsid missing one or a few
pentamers (Fig. 4). The pressure from the inside of the particle
required to crack open the capsid is two-thirds of that required to
expel a pentamer (for details, see Methods). Consequently,
enterovirus capsids are more likely to rupture into two halves
than to expel a single pentamer. After capsid rupture the genome
pressure decreases, so that the two halves of the capsid may not
separate completely and can quickly reassemble. The escaping
genome can break off some pentamers, as observed in our cryo-
EM experiments and simulations.

Open particles were also observed for other enteroviruses.
Open particles are also present in the samples of echovirus 30
(Fig. 6). Furthermore, Harutyunyan et al. detected particles
lacking pentamers in a sample of human rhinovirus 2 with
crosslinked RNA genomes exposed to acidic pH26. These obser-
vations indicate that enteroviruses may release their genomes
through openings formed by the removal of pentamers of
capsid protein protomers from their capsids. Numerous capsid-
binding antiviral compounds inhibit the genome release of

b

a

Fig. 1 Particles of echovirus 18 in the process of genome release lack parts
of their capsids. a Cryo-electron micrograph of echovirus 18 particles
captured in the process of genome release after incubation at acidic pH.
Black arrow indicates activated particle, white arrows particles in the
process of genome release, and black arrowheads empty particles. Scale
bar represents 25 nm. b Reference-free two-dimensional class averages
showing echovirus 18 particles in the process of RNA release lacking parts
of their capsids. Two representative electron micrographs of particles are
shown for each class average. Scale bar represents 10 nm
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enteroviruses31–34 and an improved understanding of the process
may facilitate drug development. In summary, our data show
that enterovirus genome release requires several consecutive
structural changes in a capsid (Fig. 7). Receptor binding or ex-
posure to acidic pH induces the transformation of native virions
into activated particles with reduced inter-pentamer
interfaces1,3,7–9,14,15. The weakening of inter-pentamer contacts
and changes in the genome structure enable opening of the
capsids and release of the RNA genome.

Methods
Production and purification of echovirus 18. Echovirus 18 (strain METCALF,
ATCC-VR-852TM) was propagated in immortalized African green monkey kidney
(GMK, 84113001 Sigma) cells cultivated in Dulbecco’s modified Eagle’s medium

enriched with 10% fetal bovine serum. For virus preparation, 50 tissue culture
dishes with a diameter of 150 mm of GMK cells grown to 100% confluence were
infected with echovirus 18 with a multiplicity of infection of 0.01. The infection was
allowed to proceed for 5–7 days, at which point more than 90% of the cells
exhibited the cytophatic effect. The cell media were harvested and any remaining
attached cells were removed from the dishes using cell scrapers. The cell suspension
was centrifuged at 15,000 × g in a Beckman Coulter Allegra 25R centrifuge, rotor
A-10 at 10 °C for 30 min. The resulting pellet was re-suspended in 10 mL of
phosphate-buffered saline (PBS) (10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM
NaCl, and 2.7 mM KCl, pH 7.4). The solution was subjected to three rounds of
freeze-thawing by transfer between −80 and 37 °C, and homogenized using a
Dounce tissue grinder. Cell debris was separated from the supernatant by cen-
trifugation at 3100 × g in a Beckman Coulter Allegra 25R centrifuge, rotor A-10 at
10 °C for 30 min. The resulting supernatant was combined with media from the
infected cells. Virus particles were precipitated by the addition of PEG-8000 and
NaCl to final concentrations of 12.5% (w/v) and 0.6 M, respectively. The pre-
cipitation was allowed to proceed overnight at 10 °C and with mild shaking. The

170
Å

130

2

5

3

da

b

c

e

f

g

h

i

Fig. 2 Open particles of echovirus 18 lacking one, two, or three adjacent pentamers. a–c Asymmetric three-dimensional reconstructions of open particles
lacking one (a), two (b), or three (c) pentamers. The electron density maps are rainbow colored based on the distance of the electron density surface from
the particle center. d–f Electron density distributions in central sections of asymmetric reconstruction of open particles missing one (d), two (e), or three
(f) pentamers. The directions of five-fold, two-fold, and three-fold symmetry axes are indicated. Diffuse density in the areas of the missing pentamers
probably belong to the average of the RNA molecules escaping from the particles. Example reference-free two-dimensional class averages of final three-
dimensional refinement with C1 symmetry of open particles missing one (g), two (h), or three (i) pentamers. Scale bar represents 10 nm

a b c

170130

Å

Fig. 3 Symmetrized three-dimensional reconstructions of open particles. Echovirus 18 particles lacking one (a), two (b), or three (c) pentamers. Five-fold
(a), two-fold (b), and three-fold (c) symmetries were employed during the reconstructions. The electron density maps are rainbow colored based on the
distance of the electron density surface from the particle center. Scale bar represents 10 nm
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following day, the precipitate was centrifuged at 15,000 × g in a Beckman Coulter
Allegra 25R centrifuge, rotor A-10 at 10 °C for 30 min. The pelleted white pre-
cipitate was re-suspended in 12 mL of PBS. MgCl2 was added to a final con-
centration of 5 mM, and the sample was subjected to DNAse (10 μg/mL final
concentration) and RNAse (10 μg/mL final concentration) treatment for 30 min at
ambient temperature. Subsequently, trypsin was added to a final concentration of
0.5 μg/mL and the mixture was incubated at 37 °C for 10 min. EDTA at pH 9.5 was
added to a final concentration of 15 mM and non-ionic detergent, NP-40TM (Sigma
Aldrich Inc.), was added to a final concentration of 1%. The virus particles were
pelleted through a 30% (w/v) sucrose cushion in re-suspension buffer (0.25 M
HEPES, pH= 7.5, and 0.25 M NaCl) by centrifugation at 210,000 × g in an Optima
X80 ultracentrifuge using a Beckman CoulterTM Ti50.2 rotor at 10 °C for 2 h. The
pellet was re-suspended in 1.5 mL of PBS and loaded onto 60% (w/w) CsCl solution
in PBS. The CsCl gradient was established by ultracentrifugation at 160,000 × g in
an Optima X80 ultracentrifuge using a Beckman CoulterTM SW41Ti rotor at 10 °C
for 18 h. The opaque bands containing the virus was extracted with a 20-gauge
needle mounted on a 5 mL disposable syringe. The virus was transferred into 10
mM Tris, pH= 7.4, and 0.1 M NaCl by multiple rounds of buffer exchange using a
centrifugal filter device with a 100-kDa molecular weight cutoff.

Cryo-EM sample preparation and data acquisition. For cryo-EM, 3.5 μL of
echovirus 18 solution (2 mg/mL) were blotted and vitrified using a Vitrobot Mark
IV on Quantifoil R2/1300 mesh holey carbon grids (vitrobot settings blot-force 2,
blotting time 2 s). To observe echovirus 18 particles in the process of genome
release, 5 μL of virus solution at a concentration of 2 mg/mL in 10 mM Tris, pH=
7.4, and 0.1 M NaCl was diluted in 15 μL of 50 mMMes, pH 6.0. To obtain samples
for single-particle analysis, the virus was incubated in acidic pH for 10 min at 4 °C.
To measure the speed of formation of activated particles, the sample was incubated
at 37 °C. Electron micrographs of virus particles were collected using an FEI Titan
Krios transmission electron microscope operated at 300 kV. The sample in the
column of the microscope was kept at −196 °C. Images were recorded with an FEI
Falcon III direct electron detection camera under low-dose conditions (22.6 e−/Å2)
with defocus values ranging from −1.0 to −3.0 µm at a nominal magnification of
×75,000, resulting in a pixel size of 1.061 Å/px. Each 1 s of exposure was recorded
in movie mode and saved as 39 separate movie frames. The frames from each
exposure were aligned to compensate for drift and beam-induced motion during
image acquisition using the program motioncor235. The resulting dose-weighted
sum of aligned frames was used in the subsequent image processing steps, except
for estimating contrast transfer function (CTF) parameters, which were determined
from non-dose-weighted micrographs using the program gCTF36.

Single-particle reconstructions of echovirus 18. Particles of echovirus 18 (512 ×
512 pixels) were automatically selected from micrographs by Gautomatch. The
images were processed using the package RELION 2.137. The dataset of autopicked
particles of echovirus 18 was subjected to 2D classification. Classes containing full
and empty particles were selected for processing in parallel. Classes containing full
particles were 3D-classified to obtain sets of native particles and activated particles.
Echovirus 7 [PDB ID: 2X5I] served as the initial model for these classifications38.
Similarly, classes containing empty particles were subjected to 3D classification to
obtain a homogeneous set of empty particles. Finally, refinement of the selected
particles was performed for native, activated particles and empty particles, using
the RELION 3dautorefine procedure37. Icosahedral symmetry was imposed on the
volumes during the refinement process.

3D reconstructions of open particles. Schemes of the image processing, classi-
fication and reconstruction of echovirus 18 and echovirus 30 are shown in Sup-
plementary Fig. 2. Particles of echovirus 18 (512 × 512 pixels) were automatically
selected by Gautomatch. Particles of echovirus 30 in the process of genome release
(512 × 512 pixels) were manually boxed using the program e2boxer.py from
EMAN239. The images were processed using RELION 2.137. The dataset of
autopicked echovirus 18 articles was subjected to 2D classification. Classes con-
taining particles releasing their genomes were selected for further 3D classification.

a b c d

gfe

0 ns 2 ns 7 ns 12 ns

217 ns73 ns43 ns

Fig. 4 Molecular dynamics simulation of echovirus 18 genome release. Seven snapshots from the process were selected. a Compact capsid just before
opening. b Initial cracking of the particle with one pentamer separated from the rest of the capsid. c–e Continued release of the genome. f Re-assembly of
the capsid missing one pentamer. g Remainder of the genome diffuses from the open capsid. Genome is shown in blue, outer capsid surface in orange,
inner capsid surface in purple, beads at pentamer edges shown in dark and light gray, green, and red represent attractive inter-pentamer interfaces. Scale
bar represents 10 nm

ba

Fig. 5 Exposure to acidic pH for 3 min at 4 °C induces conformational
changes in echovirus 18 genome. a Electron micrograph of native echovirus
18 virions with uniformly distributed density of RNA genome. b Electron
micrograph of echovirus 18 activated particles with grainy distribution of
electron density belonging to RNA genome. Scale bar represents 25 nm
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The structure of the echovirus 18 or echovirus 30 “A” particle, low-pass filtered to a
resolution of 50 Å, was used to initiate asymmetrical 3D classification of echovirus
18 and echovirus 30, respectively. Classes with particles exhibiting defects corre-
sponding to missing one, two, or three pentamers were selected for further 3D
classification. In these classification steps and in the final refinement step, the
previous 3D class reconstructions served as the initial models. These reconstruc-
tions were rotated so that the symmetry axes of the open particles were aligned
with the z-axis. The resulting 3D classes with homogenous particles missing one,
two, or three pentamers were independently refined using the RELION 3dautor-
efine procedure as asymmetric reconstructions or by imposing the appropriate
symmetries.

Post-processing of the refined maps. The volumes resulting from the 3D
refinement were threshold masked, detector modulation transfer function cor-
rected and B-factor sharpened using the RELION postprocess procedure. To avoid
over-masking, the masked maps were visually inspected to exclude the possibility

of the clipping of electron densities belonging to the virus capsid. Additionally, the
occurrence of over-masking was monitored by inspecting the shapes of Fourier
shell correlation (FSC) curves. Furthermore, the shapes of the FSC curves of phase-
randomized half-datasets with the applied mask were checked. The resulting
resolutions of the reconstructions were estimated as the values at which the FSC
curves fell to 0.143.

Structure determination of open particles of echovirus 18. The initial model,
the activated particle of echovirus 18, was rigid-body fitted into the B-factor-
sharpened cryo-EM map of echovirus 18 open particles and subjected to manual
rebuilding using Coot40, and coordinate and B-factor refinement using Phenix41.

Charge calculation - Monte Carlo simulations. We performed Metropolis Monte
Carlo (MC) simulations using the Faunus framework42. The spherical cell with a
radius of 45 nm contained one copy of the capsid described with an implicit-
solvent coarse-grained model, where every residue was treated as a spherical bead

170
Å

130

5

ba

c d

Fig. 6 Open particle of echovirus 30. a, b Reference-free two-dimensional class averages showing echovirus 30 particles lacking parts of their capsids. For
each class, average images of two representative particles are shown. c Three-dimensional reconstruction of open particle of echovirus 30 lacking one
pentamer with imposed five-fold symmetry. The electron density map is rainbow colored based on the distance from the particle center. d Electron density
distribution in central section of reconstruction of open particle. The diffuse density in the pore formed by the missing pentamer probably belongs to the
average of RNA molecules escaping from the particles. Scale bars represent 10 nm

Native
virion

Activated
particle

Open
particles

Empty
particle

Released
genome

Fig. 7 Scheme of enterovirus genome release. Binding to receptors or exposure to acidic pH in endosomes induces conformational transition of virions to
activated particles. The structural changes within the capsid and virus RNA enable the expulsion of pentamers from the capsid, resulting in the formation of
open particles. The RNA genomes are released from the open particles. After the genome release, the pentamers may re-associate with the open capsids.
Scale bar represents 10 nm
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(located at the center of mass of the residue) with a radius derived from the amino-
acid molecular weight and the common density of 0.9 g/mL. The N- and C termini
of both proteins were represented as separate residues. The solvent was treated as a
dielectric continuum using the Debye–Hückel approximation with a relative per-
mittivity of 78.7 for the interaction of charged residues43,44. The capsid was placed
in the middle of the simulation sphere with all degrees of motion frozen. Each
amino acid was allowed to change its protonation state by titration move, where
protons are allowed to move between the bead and solution. The energy associated
with the exchange is determined by the change in local electrostatic energy ± (pH
− pK0)ln10, where pK0 is the dissociation constant of the isolated amino acid, and
pH is that of the system45. The plus and minus in the equation is associated with
protonation and de-protonation, respectively. Titratable residues with their pKa
values are: C terminus (2.6), Asp (4.0), Glu (4.4), His (6.3), N-terminus (7.5), Tyr
(9.6), Lys (10.4), Cys (10.8), and Arg (12.0). The total number of moves, in which
there are attempts to protonate/deprotonate residues, was at least 1000 per each
residue in all simulations. The temperature of our NVT ensemble was set to 298 K.
We performed calculations of capsids of both native virions and activated particles
with structures determined from cryo-EM. The average charges of amino acids
were determined for pH= 7.4 and 6.0, and monovalent salt solutions of con-
centrations 150 and 40 mM.

Comparison of forces required to open a capsid. The reason why the capsids are
more likely to initially crack open rather than directly expel pentamers can be
shown by a comparison of the forces holding the capsids together to the force
exerted by the genome, which acts to rupture the capsid from the inside. Assuming
that the inside pressure generated by the genome is homogeneous, the force acting
on each pentamer is proportional to its area of 1/12 of the sphere surface:
fpentamer= πr2 p/3, where r is the capsid radius and p is the excess pressure from
inside to outside. Each pentamer in the capsid interacts with five others, generating
a force of 5 F that holds the pentamer in the capsid. Therefore, the pressure of the
genome required to break a pentamer away is p= 15 F/(πr2). However, the pres-
sure to separate two halves of a capsid is only p= 10 F/(πr2), because two half-
capsids interact with each other through 10 inter-pentamer interfaces, resulting in a
holding force of 10 F and the pressure force exerted by the genome is fhalf= πr2 p
due to the half-capsid projection in the direction of the force.

Molecular dynamics simulations. All-atom molecular dynamics simulations were
performed using GROMACS version 2016.446,47. The initial structure from cryo-
EM was minimized and equilibrated for 10 ns using the all-atom Amber99SB-
ILDN force field48. During the all-atom equilibration, the system was kept in an
isothermal-isobaric ensemble using position restraints on backbone atoms. The
spring constant of the position restraints was 1000 kJ/mol/nm2. Temperature was
held at 300 K with a velocity-rescaling thermostat49. The time constant for tem-
perature coupling was set to 0.1 ps. We employed an isotropic Berendsen barostat50

set to 1 bar using a 1 ps coupling constant. Lennard-Jones forces were calculated
with a cutoff radius of 1.1 nm. The same cutoff was applied for real-space elec-
trostatic interactions, while the long-range contribution was evaluated with particle
mesh Ewald51. All bonds were constrained using the LINCS algorithm52, apart
from TIP3P water, for which analytical SETTLE was used53. A 2-fs time step was
used for the production run. The system consisted of four echovirus 18 protomers
in aqueous solution (of roughly 200,000 water molecules) with added NaCl ions at
a concentration of 150 mM. We simulated capsids of both native virions and
activated particles in a rectangular box of 16 × 16 × 21 and 17 × 17 × 25 nm,
respectively. Periodic boundary conditions were applied.

For the binding free energy calculations between two pentamers, we used a
computationally efficient, coarse-grained MARTINI 2.2 force field54–56. The
resulting structure from all-atom equilibration was converted into a MARTINI
model using the martinize.py script. As a consequence of coarse-graining, the
MARTINI model does not explicitly describe backbone hydrogen bonds. Thus, the
secondary structure has to be imposed on the peptides and maintained throughout
the simulation. The assignment of secondary structure for both native virion and
activated particle echovirus 18 was done with the program DSSP57. To help
preserve the higher-order structure, an elastic network was added to the standard
MARTINI topology. Harmonic bonds were generated between backbone beads by
the martinize.py script using the option -elastic. The elastic bond force constant
was set to 500 kJ/mol/nm2 (−ef 500), and the lower and upper elastic bond cutoff
radius to 0.5 and 0.9 nm (−el 0.5 and −eu 0.9), respectively, and the elastic bond
decay factor and decay power both to 0 (−ea 0 and −ep 0). Furthermore, elastic
bonds were deleted for residues exhibiting a high degree of flexibility in the electron
density map (Supplementary Table 3). Additionally, the mapping of histidines with
an average charge over 0.4 e, determined from MC simulations, were changed from
the uncharged to charged form. The simulation time step was set to 30 fs. A
velocity-rescaling thermostat with a coupling constant of 1.0 ps was employed to
maintain the temperature at 310 K49. Protein and solvent beads were coupled to
separate baths to ensure the correct temperature distribution. The pressure was
kept at 1 bar with a Parrinello-Rahman barostat with an isotropic coupling scheme
with a coupling constant of 12 ps58. All non-bonded interactions were cutoff at
1.1 nm and the van der Waals potential was shifted to zero. The relative dielectric
constant was set to 15. Periodic boundary conditions were employed, yielding a
rectangular box of dimensions 17.7 × 17.7 × 28.5 nm for the activated particle and

17.7 × 17.7 × 31.4 nm for the native virion. The System consisted of 4 protomers of
capsid proteins of echovirus 18 in water with added NaCl ions at a concentration of
150 mM.

The umbrella sampling method was employed to determine the free energy of
binding between two pentamers. We defined the reaction coordinate as the z-
distance between the centers of mass of protomers 1–2 and 3–4 (Supplementary
Fig. 11). We restrained the position of protomers 1–2 through the use of harmonic
potentials on backbone beads, excluding the flexible residues from Supplementary
Table 3. Cylindrical flat-bottomed position restraints were applied to the backbone
beads of protomers 3–4, excluding the residues from Supplementary Table 3, to
keep the protomers from tilting and moving in the XY plane. The cylinders were
parallel to the z-axis. The force constant was set to 1000 kJ/mol/nm2 and the radius
of all cylinders was 0.3 nm. The reference configuration for the cylindrical flat-
bottomed position restraint was selected from a 1000-ns equilibration run. For the
last 500 ns of the equilibration run, the structure of protomers 3–4 was averaged.
The reference configuration was selected from the trajectory based on the lowest
root mean squared deviation toward the averaged structure. For the native virion,
74 umbrella windows were simulated for 2000 ns each, which was necessary to get a
convergence (Supplementary Fig. 12). The spring constant of the umbrella
harmonic potential was set to 50,000 kJ/mol/nm2 for the first 40 windows, with a
spacing of 0.02 nm. The next 34 windows were spaced by 0.025 nm and the spring
constant was set to 10,000 kJ/mol/nm2. For the activated particle of enterovirus 18,
149 umbrella windows were simulated for 1000 ns each. The first 34 windows were
spaced by 0.02 nm and a harmonic spring of 50,000 kJ/mol/nm2 was applied. The
next 115 windows had the spring constant set to 10,000 kJ/mol/nm2 with a spacing
of 0.025 nm. To analyze the probability distributions of states from each window,
iterative WHAM was used, implemented in the GROMACS tool gmx wham59,60.

Phenomenological model. We developed a phenomenological coarse-grained
model of a Picornavirus family based on human echovirus 18 (Supplementary
Fig. 13). The capsid was a regular dodecahedron comprised of 12 pentagonal
subunits. Each subunit assumes the role of a stable pentameric intermediate. The
pentamers were made of beads (pseudoatoms) organized in three layers.

The outer circumscribed sphere of the capsid had a radius of 16 nm and the
inner was 14 nm. Each pentamer was composed of 317 beads connected with 1311
harmonic bonds keeping the structure. The spring constant of the harmonic
potential was 250 kJ/mol. Beads within the capsids were only interacting via
harmonic bonds. There were six types of beads (Supplementary Fig. 14), all of
which were interacting with Weeks-Chandler-Anderson repulsive potential with an
epsilon set to 1.0 [https://doi.org/10.1063/1.1674820]. In addition, beads at the
pentamer edges had an attractive interaction range of 0.3 to 2.0 nm based on the
free energy calculation with the Martini model. The interaction decreased to zero
with a cos2 dependence. The attraction strength was weak, 0.5 kJ/mol, for the inner
and outer layer, while the middle layer had stronger attraction strength that varied
from 2 to 20 kJ/mol. The attraction only acts between the types, which are in
contact in the assembled capsid structure. These interactions represent specific
contacts between the protomers in the capsid (Supplementary Fig. 11).

To investigate RNA genome release from the capsid, we modeled the RNA as a
chain of repulsive beads. A single bead represented two nucleotides with a radius of
0.6 nm connected by a 1.1-nm-long harmonic bond, which is about twice the
distance between phosphates of adjacent nucleotides. All beads were interacting
with a shifted truncated Lennard-Jones potential, i.e. Weeks-Chandler-Anderson
potential with an epsilon set to 1.061.

Simulations were performed in LAMMPS62, with the use of a Langevin
thermostat63–65. Center of mass motion of the entire system caused by the
thermostat was eliminated using the option “zero yes”. Additionally, the “gjf yes”
option was turned on, applying Gronbech-Jensen/Farago time-discretization for
the Langevin model to enable longer time steps, while still producing the correct
Boltzmann distribution of atom positions65. The viscous damping term was set to
10,000 time steps. The reduced temperature in our simulations was T*= 1 kBT. The
box size 150 × 150 × 150 nm was constant and the same for all simulations.

The simulation protocol was as follows. First the capsid was generated from
pentamers, and then the chain representing the genome was generated within the
capsid using a random walk. The equilibration started with the chain equilibration
alone, which was simulated with Langevin dynamics for 108 steps, while the capsid
shell was motionless. The second step was the equilibration of both the capsid and
genome. The attraction between pair B-C begun at 35 kJ/mol and was gradually
decreased by a rate of 0.25 kJ/mol every 200,000 time steps. The production
genome release simulations were repeated 10 times, with different conditions, for
each set of parameters (attraction strength, attraction range, flexibility of the
capsid, and the size of the genome beads) each of which were concluded at 109 time
steps or sooner if the release had occurred.

To estimate the timescale of the simulations, we performed 50 independent
simulations of the full virus capsid starting from different conditions. Each
simulation was performed for 108 steps. The parameters for the capsid were chosen
to prevent the genome release within the duration of the simulation. We analyzed
the averaged square displacement of the full capsid center of mass. Using Fick’s
second law, we calculated the diffusion coefficient of the capsid to be 1.37 × 10−4

±2.0 × 10−8Å2/step (Supplementary Fig. 15). We also estimated the diffusion
coefficient using the Stokes-Einstein relation, with a capsid radius of 16.5 nm, the
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diffusion coefficient is 15 µm2/s. Comparing the estimated coefficient with the
simulation one, the simulation time step corresponded to 92 fs (there were 10,901
± 1 steps in a ns).

Timescale of genome release. To estimate the timescale of genome release from
the virus capsid, we analyzed the average times of this process in our simulations.
The genome was released from the capsid in the order of 106 simulation steps
corresponding to 100 ns. Another approach is to estimate the time required for the
genome to diffuse freely from an open capsid. Using Einstein-Stokes relation, we
determined that the genome diffuses 50 nm in microsecond timescale, which makes
the observation of the genome release experimentally challenging.

Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
Cryo-EM electron density maps have been deposited in the Electron Microscopy Data
Bank, https://www.ebi.ac.uk/pdbe/emdb/ (accession numbers EMD-0181, EMD-0182,
EMD-0183, EMD-0184, EMD-0185, EMD-0186, EMD-0187, EMD-0188, EMD-0189,
and EMD-0217), and the fitted coordinates have been deposited in the Protein Data
Bank, www.pdb.org (PDB ID codes 6HBG, 6HBH, 6HBJ, 6HBK, 6HBL, and 6HHT). The
authors declare that all other data supporting the findings of this study are available
within the article and its Supplementary Information files, or are available from the
authors upon request.
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Summary

Taking advantage of the ’resolution-revolution’ and rapid development of cryo-EM
methods, which happened just before and during my Ph.D. studies, I was able to
describe molecular mechanisms of viral genome release in vitro in prokaryotic and eu-
karyotic viruses. Bacteriophage P68 was among the first bacteriophages whose whole
native structure achieved resolution sufficient enough to describe it in molecular de-
tail. Using the localized reconstruction of subparticles, we established a protocol
that solves the symmetry mismatch problem between bacteriophage capsid and tail.
I was able to reconstruct the intermediate and final stages of the phage genome re-
lease, which were present in the sample. Then, by comparison of the different 3D
structures, I proposed a mechanism that controls the genome release and mechanism
of phage penetration into the host cell.
The structure of the rhinovirus 14-ICAM-1 complex has revealed a molecular switch
inside of the virus that is triggered by the binding of ICAM-1. We were able to
describe the conformational changes of the capsid and genome necessary for the
virus to uncoat. Together with the discovery of enterovirus 30 particles expelling
pentamers, it gives a picture about molecular mechanisms behind genome release in
the genus of Enterovirus. However, it is possible that there is more than one common
mechanism of genome release in Enteroviruses.
All in all, the above-mentioned articles provide new insights into the early stages of
infection in both prokaryotic and eukaryotic viruses.
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Quo vadis cryo-EM?

Since the early days of structural biology, the studied molecules must have been
prepared in high amounts and in extreme purity. That was possible to achieve for
some protein structures of which were solved by X-ray crystallography. However,
many important structural targets were impossible to study due to their instability,
complexity, or they did not produce crystals of sufficient quality.
The ’resolution revolution’ in cryo-EM opened a gate for many previously intractable
molecules, now being solved almost routinely. That is mostly because cryo-EM does
not require such high amounts of sample, and no crystalization is required. Instead,
single molecules are imaged, averaged, and eventually, 3D reconstructed. Besides
the rapid progress, one still needs to isolate and amplify the molecule of interest to
solve its 3D structure.
Only recently, people started to solve structures of protein complexes and viruses
enriched directly from the endogenous cellular milieu and even from native vitrified
cells. The latter is a natural extension of cryo-electron microscopy. The development
of a new generation of detectors, energy filters, and more precise sample stages will
allow to perform very fast and precise tomography on whole cells, which allow struc-
ture determination in the cellular context. However, solving structures of proteins
with low copy numbers, such as membrane proteins and signal molecules, is still a
challenge. Development of hybrid methods, such as super-resolution correlated light
and electron microscopy, mass spectrometry, and genetics, would be necessary to
precisely target such proteins. Simultaneous development of software is important
as well. For example, finding molecules of interest in noisy cryo-electron tomograms
of whole cells is still a challenging task. New deep-learning algorithms working in
combination with alpha-fold structure prediction will be necessary to tackle this chal-
lenge. Additionally, software predicting the flexibility of protein complexes combined
with sensitive 3D classification will provide additional information to the structures.
The rate of developments in cryo-EM is astonishing. Things that were only several
years ago considered as ’visionary’ are now a reality. Therefore, I am very optimistic
about the future of cryo-EM and the community as a whole. I am looking forward
to what surprises the future holds and if any of the above-mentioned visions become
true.
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