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Future prospects of structural studies to advance
our understanding of phage biology
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Bacteriophages, being the most abundant biological entities

have the potential to be used in modern biotechnology and phage

on the Earth, play a major role in regulating populations

therapy. After ejecting their genome into a cell, bacteriophages can

of bacteria and thus inﬂuence the evolution and stability of

establish two types of infection. The lytic cycle leads to the pro-

ecosystems. Phage infections of pathogenic bacteria can

duction of virion progeny and cell death, whereas in lysogenic

both exacerbate and alleviate the severity of the disease.

infection the phage genome integrates into the bacterial one and

The structural characterisations of phage particles and

replicates when the bacterium divides. Knowledge of the high-

individual proteins have enabled the understanding of

resolution structures of phage particles and their assembly inter-

many aspects of phage biology. Due to methodological lim-

mediates has played an important role in our understanding of

itations, most of the structures were determined from puri-

phage attachment to receptors, genome ejection, virion assembly

ﬁed samples in vitro. However, studies performed outside

and genome packaging. Furthermore, the structures of non-struc-

the cellular context cannot capture the complex and

tural proteins and their complexes have explained the mechanisms

dynamic interactions of the macromolecules that are

of the lytic-lysogeny switch, genome transcription and replication,

required for their biological functions. Current develop-

and the degradation of the cell envelope. However, nearly all of the

ments in structural biology, in particular cryo-electron

structural studies performed to date were limited to analyses of

microscopy, allow in situ high-resolution studies of phage-

puriﬁed macromolecular samples in vitro. In contrast, phage

infected cells. Here we discuss open questions in phage

macromolecules perform their functions in vivo by interacting

biology that could be addressed by structural biology tech-

with other phage or cellular components. Current technological

niques and their potential to enable the use of tailed phages

developments in the cryo-preservation of cells and cryo-electron

in industrial applications and human therapy.

tomography (cryo-ET) have enabled structural studies of replicat-

State-of-the-art structural biology methods
in studies of phage replication

ing phages in bacteria. These reports described the ultrastructure
of bacteriophages penetrating the cell wall of Gram-negative and
Gram-positive bacteria, the formation of a nucleus-like structure

Bacteriophages are a diverse group of viruses that infect bacteria.

during phage replication, and changes in the structure of the cell

Bacteriophages are research models for molecular biology and

wall before lysis1–3.
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Structural virology beyond purified proteins
and phage particles
In the single-particle cryo-electron microscopy (cryo-EM)
approach, a sample is deposited on a grid in a thin layer of aqueous
solution and rapidly plunged into liquid ethane4. This results in

the overall dose that can be used to image one sample, resulting
in a low signal to noise ratio in the reconstructed tomograms.
However, sub-tomogram averaging can be used to resolve the
structures of regular components of the tomograms with high
contrast and resolution.

the formation of vitreous ice with a structure similar to that of

Currently, high-resolution structures can only be routinely deter-

liquid water. Rapid cooling is required to prevent the formation

mined for protein complexes or phage particles that can be pre-

of crystalline ice, which may damage cellular structures. This limits

pared with high purity and at high concentration. These

the thickness of samples vitriﬁed under ambient pressure to a few

experimental constraints limit the knowledge that can be gained

micrometres. Samples up to a few hundred micrometres thick

from the resulting structures, because the complexes may display

can be cryo-preserved by high-pressure freezing. Individual mole-

different conformations in vivo. Determining the structures of

cules or macromolecular complexes embedded in vitreous ice

macromolecular complexes in situ without the need to purify

are photographed using a transmission electron microscope.

them from cells would avoid these experimental limitations.

Information from many thousands of the projection images of the

Structural analyses of macromolecular complexes in situ are

macromolecules is used to reconstruct their three-dimensional

becoming practical thanks to developments in: (1) sample prep-

structures. The images are aligned and averaged to improve the

aration methods, including correlative light and electron micros-

signal-to-noise ratio of the reconstructed structure. Pleomorphic

copy (CLEM), focused ion beam milling, and localised mass

objects, such as cells or irregular virus particles can be studied

spectrometry6; and (2) software for data processing including

5

by cryo-ET . Cells have to be thinned to about 200 nm by cryo-

sub-tomogram classiﬁcation and averaging7. CLEM is particularly

sectioning or focused ion beam (FIB)-milling before imaging in a

useful in the combination with FIB-milling technique. Events

transmission electron microscope because of the limited penetra-

of interest in the cell can be pre-selected by cryo-ﬂuoresce micros-

tion of electrons through biological samples (Figure 1). In cryo-

copy and subsequently milled with high-precision to open a

ET, samples are imaged from different directions by tilting the

‘window’ into the cell for transmission electron microscopy.

stage of the microscope. The resulting tilt series of images is used

The localised-mass spectroscopy utilises imaging of single

to calculate the three-dimensional reconstruction of the object.

particles from a cell extract. First, the cell lysate is chromatograph-

The sensitivity of biological objects to an electron beam limits

ically separated into fractions. Subsequently, the fractions are

Figure 1. Cryo-electron tomography of Staphylococcus aureus cell infected by bacteriophage f812 from the family Myoviridae, genus
Kayvirus. Central section of S. aureus cell with resolved cell wall, cytoplasmic membrane, and vesicles formed inside the cell. Acquisition of
the tomographic data was possible thanks to the use of focused ion beam milling to prepare an electron transparent lamella of S. aureus cell. Scale
bar represents 200 nm.
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characterised by mass spectrometry and macromolecules present

make it possible to design a group of genetically modiﬁed phages

in the sample are structurally analysed by transmission electron

with a receptor range so wide that bacteria would be incapable of

microscopy. The new advancements in software for classiﬁcation

becoming resistant to the phage infection. Phage receptor-binding

of particles allow classiﬁcation of particles in a sample based on

proteins themselves may be used as tools for the rapid detection

their structures. This can be imagined as an in silico ‘puriﬁcation’

and identiﬁcation of pathogenic bacteria in environmental

of the macromolecular complexes.

samples.

Open questions in phage biology that may be
addressed by structural studies

Bacterial resistance to phage infection

Mechanism of phage genome delivery

genome ejection can have secondary effects on the cellular phe-

Tailed phages eject their genomes into bacterial cells, however,
several aspects of this process are not well understood (Figure 2),
including: (1) How is the phage genome ejection triggered? (2)
How is the genome transported across bacterial membrane(s)? (3)

Mutations enabling bacteria to avoid phage attachment or block
notype. Phage receptors are often bacterial virulence factors or play
roles in substances intake11, and thus phages targeted to bind to
speciﬁc cellular receptors could be used to shift bacterial population towards lesser virulence12.

What is the mechanism for the completion of phage genome

Bacterial anti-phage defense systems, such as restriction-modiﬁca-

ejection after the pressures inside the phage head and cell equalise?

tion, CRISPR/Cas, bacteriophage exclusion, or the defense island

(4) How is the transcription machinery recruited to the phage

system associated with the restriction-modiﬁcation system, de-

genome? These questions may be addressed by cryo-EM observa-

grade phage DNA during delivery13–15 (Figure 2). However, many

tions of interactions of phages with liposomes8, nevertheless, more

phages have acquired anti-defense proteins16,17. Structural under-

biologically relevant answers will be obtained by time-resolved

standing of the anti-phage defense complexes will enable the

cryo-ET studies of phage genome ejection into mini-cells or fo-

preparation of phages capable of protecting their DNA during

cused ion beam milling-prepared sections of bacteria9,10. Changes

delivery, which may be important for the development of phage

in the phage particle prior to genome ejection, formation of

therapy. Similarly, the systems by which bacteria abort late stages of

channels in the membrane, possible genome-uptake machinery

phage infection are assumed to be widespread, but many of them

or phage genome localisation in the cell may be characterised by

have not been characterised in detail18. The CLEM and cellular cryo-

such studies. Single particle cryo-EM and X-ray crystallography can

ET could be used to visualise these processes in vivo and explain

be used to determine the structures of the complexes of phage

the functions of these complexes. These ﬁndings will enable the

receptor-binding proteins with the receptors. Such knowledge may

engineering or phages with exceptionally broad host-ranges.

No phage
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Figure 2. Open questions in our understanding of phage infection of bacterial biofilm that may be addressed with the use of structural biology
methods. Cells in a biofilm are in different metabolic states. Phage infection may result in degradation and dispersion of biofilm due to a phagedriven expression of biofilm matrix-degrading enzymes. Inset: (1) What is the trigger of phage genome ejection? What is the mechanism for ejection
of phage DNA after equalisation of pressures inside phage head and bacterial cytoplasm? (2) How is the host replication, transcription, and
translation machinery hijacked for the expression of phage genes? (3) How do matrix-degrading enzymes enhance dispersion of phages through
a biofilm? (4) What are the mechanistic details of macromolecular complexes enabling phage-phage communication in the regulation of lysislysogeny decisions? (5) What are the mechanisms of function of bacterial anti-phage systems?
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Subverting cell resources for phage replication

Phage-phage communication in the regulation
of lysis-lysogeny decisions

Some myoviruses, such as T2 and T4 infecting Gram-negative
bacteria and K and SPO1 of Gram-positive bacteria, degrade the

It is beneﬁcial for phages to establish lysogeny in an environment

host genome and block cell division in minutes after the initiation of

with a shortage of non-infected host cells28. For the application of

genome ejection19,20. This mechanism enables them to complete

phage therapy, however, lysogeny is not desired because of the

their lytic cycle quickly and thus gain a reproductive advantage over

possible associated acquisition of bacterial virulence factors29.

slower replicating phages. The proteins encoded by the host

The communication among phage-infected cells and phages was

takeover region of the phage genome, which is the ﬁrst part of its

proven in several cases, either in the most simple form of super-

DNA that enters the cell, enable the rapid shutdown of the host’s

infection exclusion regulated by changes in the bacterial membrane

transcription . When expressed on their own, these proteins are

potential30, complex communication by the production of Arbi-

toxic for the natural host of the phage but also for other bacterial

trium-like peptides31, or through a host-produced quorum-sensing

21

species20. In contrast, some podoviruses such as f29 do not

system32. Even lytic phages were shown to modify the speed of

inhibit cell growth22. Genomes of viruses from the family Podovir-

their reproduction cycle based on available nutrients and enter

idae contain fewer than 20 early genes and during phage infection

the ‘hibernation’ phase in starved cells33. X-ray crystallography

only affect the expression of a minor number of host genes22.

and nuclear magnetic resonance spectroscopy can be used to

Therefore, podoviruses are a suitable model system for studying

determine the structural interactions between the complexes

the minimal set of phage products that are required to hijack the

responsible for such communication. Understanding this commu-

host resources for phage replication. The interactions of phage

nication may enable the use of temperate phages for phage

proteins with host complexes could be studied by the time-lapse

therapy in bacterial pathogens for which there are no available

cryo-EM of macromolecular complexes pre-sorted by mass spec-

strictly virulent phages. In lytic phages it can lead to design of

trometry23. Identiﬁcation of the host takeover protein-machinery

small-molecule additives, ensuring the lytic cycle will be rapid

may enable design of antibiotics inspired by phage proteins .

and robust.

Phage spread through biofilm
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lenge. It has been shown that some phages can eliminate a bioﬁlm
thanks to their ability to (1) bind to and accumulate within the
bioﬁlm matrix; (2) infect dormant cells; (3) express phage bioﬁlm
de-polymerases or induce bacteria-encoded bioﬁlm depolymerases25. Nevertheless, bioﬁlm infection by some lytic phages
can lead to accelerated bioﬁlm growth with an increased concentration of extracellular DNA in the bioﬁlm matrix26.
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The metabolic heterogeneity of cells within a bioﬁlm presents a
challenge for analysing the impact of the phage infection on the
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