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Preface

Bacteriophages are viruses that target and infect bacterial cells. As such, they have 
long attracted interest as potential therapeutic agents to control microbial patho-
genesis. Since their discovery they have been proven to be promising antimicrobials, 
but caution has been mixed into that hope, because they are also capable of invok-
ing pathogenicity in commensal and environmental species of bacteria. Study and 
cumulative knowledge of the ingenious factors that these viruses use to survive in 
the wild and to prevail over their host cells, has contributed greatly to many diverse 
facets of molecular biology and to the rise of synthetic biology.

There is once again great promise that bacteriophages will play a prominent role in 
healthcare, not least fuelled by the rise in microbial antibiotic resistance globally. 
However, this hope also presents challenges. To understand the challenges, it is as 
well to also regard the problems bacteriophages could pose and how these can be 
solved. To realise their applied promise, bacteriophages will require production 
at unprecedented industrial scales. Exploring efficiency of mass production, as 
well as how to ensure purity from other bacteriophages that could contaminate 
medical-grade stocks, will be essential. In this volume, the chapters contributed 
respectively, by authors Zahn and Halter, and Ward et al., bring these matters into 
focus.

In a wider healthcare context, the structural properties of bacteriophages become 
important factors for consideration. The chapter in this volume contributed by 
White and Orlova gives a detailed overview of what we know so far about the struc-
ture and mechanics of some of the better-known phage particle types. Engineering 
the surfaces of these viruses is a mature technology, but its deployment in per-
sonalised medical imaging is now technologically feasible and demonstrated as 
effective. The contributed chapter by Khondee and Piyawattanametha illuminates 
how surgery to remove metastatic tumours is given greater precision via engineered 
phage particle avidity. Exploiting the unusual properties of bacteriophage-encoded 
enzymes can allow new approaches in gene therapies and cell and tissue engineer-
ing. In fact, applications enabled by such unusual enzymatic activities could revo-
lutionise data storage via biological macromolecules. The chapters contributed to 
this volume by Pinheiro, and the chapter by Knott, Milsom, and Rothwell, showcase 
unusual enzymatic processes which bacteriophages utilise for their adaptation and 
survival.

Taking all these themes together, it is possible to envision bacteriophages as 
potentially versatile nanoscale entities, with scope to be repurposed for a variety of 
interventions involving bacterial cells, or in entirely unrelated aims, encompassing 
aspects of healthcare and electronics. The macromolecular tools utilised by replicat-
ing bacteriophages can further enrich such endeavours.
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This book presents facets of current knowledge relevant to realising those broader 
future aims.

Renos Savva
Institute of Structural and Molecular Biology,
Department of Biological Sciences, Birkbeck,

University of London, United Kingdom

Chapter 1

Introductory Chapter: Nature’s
Ancient Nanomachines and Their
Synthetic Future
Renos Savva

1. Resurgence

Bacteriophages are generally considered to be the most prevalent biological
entities on planet Earth [1], with astronomical estimates of their myriad abundance.
These fascinatingly diverse viruses, which infect bacterial cells, were discovered in
the second decade of the twentieth century. Under the light microscope, bacterial
cells were seen to be apparently eaten away, hence the scientific Greek naming of
these viruses meaning literally “bacteria eaters”. The middle decades of that century
gave us a first glimpse of these viral particles, via their imaging using the technique
of negative stain electron microscopy. The morphology of the first studied particles
was symbolic of the so-called Space Age in which these discoveries took place:
The archetypal Phi X 174 evoked the first artificial satellites, while the T-even
phages resembled prototypic lunar landing vehicles.

Such latter-day futuristic symbolismmay seem amusingly outdated by the time of
writing. However, the undoubtedly ancient bacteriophages are now riding a new
wave of technological advancement: synthetic biology. Interestingly, this returns us to
the potential revolution in healthcare that surrounded the initial discovery of bacte-
riophages. The simple fact is that phages, which is a common abbreviation used when
referring to these viruses, are capable of selective killing of bacterial cells of a given
species or strain. In other words, phages are exquisitely specific microbial control
agents. In the current antimicrobial resistance era [2], exemplified by the ESKAPE
organisms, which is to name only the vanguard of untreatable pathogenic microbes,
phages offer a potential panacea for the treatment of pathogenic bacterial infection.

Indeed, deployment of phages to treat bacterial infections in animals and
humans was the first exploitative use of these virus entities. Their promise as
therapeutic agents was, nevertheless, soon eclipsed by the rise of antibiotics. How-
ever, partly by economic necessity, the refinement of such phage-mediated treat-
ments persisted in the former USSR [3]. Today, the fruit of that legacy provides
effective alternative treatment in an era of antibiotic-resistant microorganisms [4].
Including the long-standing cases of treatment achieved within the pioneering
hospitals in the former Soviet territory of Georgia [5], there have also been recent
high-profile cases [6], as well as a rise in commercial offerings based upon sound
scientific discovery [7].

2. Repurposed

In a commercial sense, phages are regarded as cheap to manufacture, because
they will naturally multiply within their target bacteria. However, process control at
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industrial scales presents challenges: most notably in efficiency and reproducibility
but also via complications in terms of sterility and purity [7, 8]. Knowing how to
keep prevalent diverse phage types out of a production facility will doubtless be as
important as manufacturing commercially relevant types efficiently. When consid-
ering efficiency of phage production, the ultimate cost depends upon the measures
that have to be taken, from plant and tooling to culture volume and starter culture
characteristics. Investigations of multiplicity of infection, and economics of scale,
plus processing of waste effluent are all factors that will impact costs and afford-
ability [9]. Upscale and purity of phage will have an impact on any type of technol-
ogy or application that is currently envisaged for phage, from antimicrobial therapy
to phage particles as nanomaterials.

We can consider that phage genetic and structural insights are opening doors in
nanotechnology and synthetic biology applications, which have a translation
potential back into healthcare. That medical relevance is not limited to antimicro-
bial applications but also encompasses cancer and gene therapy. Indeed, phage
display technologies are revolutionising the high-resolution visualisation of meta-
static tumours in surgical settings by enabling unambiguous contrast.

Regarding the structure of phage particles, as nanoscale parts assembling into a
mechanised vehicle for DNA packaging and delivery, their production as potential
therapeutic agents might well be due a synthetic makeover. The concept of a phage
cocktail is now very well tested: namely, several phage types recognising the same
bacterial species but attacking that cell type in different ways. Phage cocktails are
known to make it less likely that the targeted cells can survive via adaptation, as is
known to be the case via treatment with a single phage type. Lately, the
reprogramming of a phage DNA payload to ensure target cell death rather than
phage latent persistence in a population of cells has also been found to be effective
[6]. Indeed, such engineering approaches have been used to alter the DNA payload
injected by the phage particle in order to make phages more effective at cell killing,
rather than infection per se [6, 10].

Nevertheless, from an efficiency and medical regulatory perspective, it could be
advantageous to have one or just a few medically approved phage chassis. These
might be envisaged as phages known for their low immunogenicity profiles in
patients. Perhaps these may be patient-specific, in which the therapeutic DNA
payload is installed in a phage chassis matched to the current patient’s immune
tolerance. Then one can envisage a programmable targeting built in via a synthetic
biology approach of re-engineering components of these standardised phages to
recognise any desired bacterial target. Demonstrations of swapping out the
targeting structures (i.e., tails and adsorption features) have been equally impres-
sive in principle [11, 12]. Thus, furthering a detailed knowledge of phage structure
beyond well-studied phage types [13] is incentivised.

3. Reimagined

One of the most fascinating things about phages is that they are hotbeds of
molecular adaptation. An eclectic and presently largely arcane phage-encoded pro-
tein panoply supports the survival and success of the diverse bacteriophage types.
The exploitation of deciphered elements of this phage protein repertoire was central
to development of the recombinant biotechnology revolution. Circuitously, these
very molecular tools are bringing about the technological revolution that promises
to lend a starring role of phage in a biotechnologically repurposed guise. In fact,
looking into that mesmerising pool of proteins of unknown function [14], it is easy
to believe that the phages’ encoded box of tricks isn’t yet done revolutionising
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applied biotechnology. The numbers of completely sequenced diverse phage
genomes expand at a prolific rate, and the mysteries of their encoded protein
manifest may yet take a long time and a lot of care to unravel.

Phage biology then, played a central role in the elucidation of some of the major
genetic insights of the twentieth century. Other ground-breaking studies in that
century concerned phage genome replication, the structures of phage particles and
their assembly, and mechanisms of bacterial cell immunity and its viral subversion.
Modern techniques in genomics, proteomics, and structural biology are adding
novel insights even now [13, 15]. This combination of precision studies illuminates
the plasticity of macromolecular and cellular biology in this perennial cauldron of
evolutionary cat and mouse.

In terms of replicative strategies, phage activity in a cell involves an interesting
sideway taken on biological processes. The enzymatic agents encoded by phages
have applications in laboratory research technologies, applied molecular evolution
techniques, and also novel ways to make DNA for therapeutic and technological use:
free of the heretofore necessity for bacterial cell passage to propagate this DNA and
thus of bacterial propagation sequences, including antibiotic resistance genes. The
insights from phages therefore bring us to the brink of revolutionising applications
as diverse as human gene therapy, cell and regenerative medicine, and DNA as data
storage (Figure 1).

4. Rebooted

Finally, looking beyond what we have discovered and tested, beyond this vol-
ume and into that potential future of synthetically modified bacteriophages with

Figure 1.
Bacteriophages can be envisaged as natural microbial control agents, as well as machines for targeted synthetic
genetic programming. The encoded proteins, as well as the structures of phages, offer a multitude of possibilities
as outlined in this introductory chapter and detailed in the volume.
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diverse uses, what might we find? Perhaps we might find nanomachines inspired in
their design by the multifarious forms and mechanisms of both known and newly
studied types of these viruses, lightning-fast genotyping of bacterial infections at
point of care, and efficiently timely synthetic tooling of medically approved phages
to rapidly quell those infections, even on the scale of a few hours. We might also
find synthetic phages reprogramming the microbiome, both by selective population
control and by targeted and firewalled genetic modification in situ, and even the
possibility of tooling wild species of bacteria for bioremediation purposes via
reversible and firewalled genetic modification. There could be phage-encoded ele-
ments brought together in new and as yet unimagined combinations to effect all
manner of building and alteration performed at the macromolecular scale. The
future is always imagined yet unseen: with phages in mind that refers both to its
dazzling scale of possibility and in its infinitesimal scale of operation. The bacterio-
phages will be just as much a major part of that synthetic future, as they have ever
seemingly been in nature to this day.
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diverse uses, what might we find? Perhaps we might find nanomachines inspired in
their design by the multifarious forms and mechanisms of both known and newly
studied types of these viruses, lightning-fast genotyping of bacterial infections at
point of care, and efficiently timely synthetic tooling of medically approved phages
to rapidly quell those infections, even on the scale of a few hours. We might also
find synthetic phages reprogramming the microbiome, both by selective population
control and by targeted and firewalled genetic modification in situ, and even the
possibility of tooling wild species of bacteria for bioremediation purposes via
reversible and firewalled genetic modification. There could be phage-encoded ele-
ments brought together in new and as yet unimagined combinations to effect all
manner of building and alteration performed at the macromolecular scale. The
future is always imagined yet unseen: with phages in mind that refers both to its
dazzling scale of possibility and in its infinitesimal scale of operation. The bacterio-
phages will be just as much a major part of that synthetic future, as they have ever
seemingly been in nature to this day.
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Chapter 2

Bacteriophages: Their Structural 
Organisation and Function
Helen E. White and Elena V. Orlova

Abstract

Viruses are infectious particles that exist in a huge variety of forms and infect 
practically all living systems: animals, plants, insects and bacteria. Viruses that infect 
and use bacterial resources are classified as bacteriophages (or phages) and represent 
the most abundant life form on Earth. A phage can be described as a specific type of 
nano-machine that is able to recognise its environment, find a host cell, start infection, 
self-assemble and safeguard its genome until the next cycle of replication is initiated. 
Remarkable results have been obtained by combining cryo-EM, X-ray analysis and 
bioinformatics in structural studies of these nano-machines. In this review we will 
describe results of structural studies of phages that uncover their organisation in 
different conformations, thus facilitating our understanding of the functional mecha-
nisms in supramolecular assemblies and helping us understand the usage of phages in 
medical treatments. Currently, antibiotic resistance is an enormous challenge that we 
face. The tailed phages could be used in place of antibiotics due to their high specificity 
to host cells, but more knowledge of their organisation and function is required.

Keywords: viruses, bacteriophage, structural organisation, infectivity, function, 
structural methods, electron microscopy

1. Introduction

All living systems have many diseases that are often caused by small organisms 
such as bacteria or infectious particles consisting of proteins, nucleic acids and 
sometimes lipids. These particles are called viruses, use the resources of living cells 
for their own propagation and can be transmitted from one organism to another. 
Each type of particle infects its own host cells, and they can survive outside living 
organisms in very harsh conditions. some of them continue to replicate with cells 
despite the host’s defence mechanisms and remain dormant (latent) in their host 
cell, e.g. herpesviruses which reactivate at a later date to produce further attacks of 
the disease if the host’s defence system weakens [1].

Bacteriophages (or phages) are viruses that infect and use bacterial resources for 
their own reproduction. They are characterised by a high specificity to bacteria at 
infection and are very common in all environments. Their number is directly related 
to the number of bacteria present. It is estimated that there are more than 1030 tailed 
phages in the biosphere [2]. Phages are common in soil and readily isolated from 
faeces and sewage, as well as being very abundant in freshwater and oceans with an 
estimate of more than 10 million virus-like particles in 1 mL of seawater [3, 4].

Why study the structure-function relationship of phages? Currently, there 
are substantial problems with diseases caused by bacteria, especially in hospitals. 
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Many pathogenic bacteria exist such as Mycobacterium tuberculosis, Enterococcus 
faecalis, Staphylococcus aureus, Acinetobacter baumannii, Pseudomonas aeruginosa and 
methicillin-resistant S. aureus (MRSA) and have become modified in hospitals due 
to the overuse of antibiotics. Bacteria have become resistant to some of the most 
potent drugs used in modern medicine, and this causes treatment problems [5–7]. 
It appears that the pathogenic bacteria adapt quicker to antibiotics than the new 
ones that can be produced. The number of new antibiotics being introduced has 
decreased since their first introduction [8].

A powerful method to circumvent this resistance is the use of phages in the 
treatment of bacterial infections [9]. Most current studies of phage therapy have 
focussed on acute infections in animals [10]. In order to regulate the mechanisms 
of phage infection, we need to know not only the phage structure but also the 
phage-cell surface interaction mechanism and the process of switching the cell 
replication machinery for phage propagation. One important factor that has to 
be considered is how phages are reproduced. Phages have two ways of propaga-
tion: lytic and lysogenic [11]. In the first case, phages cause the compete lysis of 
a cell, where it breaks open and subsequently dies after phage replication. In the 
second type of replication, a phage integrates its genome into the host bacterium’s 
genome or forms a circular replicon in the bacterial cytoplasm. The bacterium then 
continues to live and reproduce normally, but the phage genome is transmitted to 
progeny cells at each subsequent cell division. Changes in cell conditions such as 
radiation or certain chemicals can release the phage genome, causing proliferation 
of new phages via the lytic cycle. Therefore, for medical treatments we need to use 
only lytic phages, so they will exist in an organism, while the pathogenic bacteria 
are around but only infect those bacteria that have the appropriate receptors in 
the outer membrane. This is an important factor that can be used to affect specific 
bacteria without harming those ones that are essential for the health of humans 
and animals [10]. In this review we will focus on tailed phages as they are abundant 
and well studied and could be beneficial to medicine [12]. We will describe the 
general organisation and structural features of their components revealed by cur-
rent structural methods.

2. Phages and their classification

Virus classification is based on characteristics such as morphology, type 
of nucleic acid, replication mode, host organism and type of disease. The 
International Committee on Taxonomy of Viruses (ICTV) has produced an 
ordered system for classifying viruses (https://talk.ictvonline.org/taxonomy/). 
Phages are found in a variety of morphologies: filamentous phages, phages with a 
lipid-containing envelope and phages with lipids in the particle shell (Figure 1A).  
They have a genome, either DNA or RNA, which can be single or double 
stranded, and contain information on the proteins that constitute the particles, 
additional proteins that are responsible for switching cell molecular metabolism 
in favour of viruses and, therefore, the information on the self-assembly process. 
The genome can be one or multipartite and is located inside the phage capsid. 
Nearly 5500 bacterial viruses have been characterised by electron microscopy 
(EM) [15]. The shape of viruses is closely related to their genome, and a large 
genome indicates a large capsid and therefore a more complex organisation. The 
most studied group of phages is the tailed phages (order Caudovirales) which 
are classified by the type of tail; Siphoviridae have a long non-contractile tail, 
Podoviridae have a short non-contractile tail and Myoviridae have a complex 
contractile tail (Figure 1B).
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3. Methods used for structural studies of viruses

The first ideas on how viruses infect cells were based on results obtained by 
microbiology and bacteriology during the last century. Understanding the function 
of viruses and how this can be regulated and modified requires knowledge of their 
structural organisation. However, investigation of structure-function relationships 
needs a combination of different techniques. Microbiology has identified viruses 
as infectious agents, while bacteriology and light microscopy enabled us to identify 
specificity between viruses and host cell interactions and to recognise a level of sur-
vival of bacteria in the presence of different phages. In order to understand interac-
tions at the molecular level, one needs to know the structural features of the viruses 
and their components at an atomic level. Different structural techniques are often 
utilised for smaller components, and the results fitted into larger EM structures.

3.1 X-ray crystallography

X-ray crystallography was the first method used to study proteins at the atomic 
level, which is essential to reveal protein-ligand interactions that can boost or 
suppress protein activity. It is based on the principles of beam scattering within 
a crystal. By using specific software packages, a 3D electron density map of the 
protein that forms the crystal can be calculated [16]. However, to produce protein 
crystals, we need solutions of a protein at high concentration. The proteins have to 
be stable, and often mutations are made to remove their flexible parts, but this may 
produce different conformations to those that are required for their natural activity.

X-ray analysis is an efficient tool for analysis of protein complexes from a few 
kDa to hundreds of kDa in size. In order to study the structure of a large protein or 
a complex of several proteins, the process of crystallisation becomes a more chal-
lenging step. The development of cryoprotection in X-ray crystallography, where 
the crystals are flash frozen, has improved the quality of the data and often resulted 
in higher resolution. Nowadays, many structures of large protein complexes (up to 

Figure 1. 
(A) Representation of prokaryote bacteriophage morphotypes [13]. (B) Members of the Caudovirales family [14].
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2–3 MDa) have been determined by X-ray analysis, but these projects have required 
decades to obtain high-quality crystals [17].

Viruses are much bigger particles and often have flexible components. The large 
size of the complexes results in significantly bigger unit cells, which results in tech-
nical challenges in obtaining fine structural details. Viruses with a rigid icosahedral 
lattice of the capsid have been studied successfully by X-ray crystallography at near-
atomic resolution. The first viral structure was that of the Blue tongue virus (700 Å 
diameter) determined at a resolution of 3.5 Å which was the largest virus structure 
determined at that time [18]. The capsid of the Siphoviridae phage HK97 (without 
a portal protein) was determined at a resolution of 3.5 Å [19]. Later studies have 
shown that the fold of the HK97 phage capsid protein, which forms the envelope to 
protect viral genome from the harsh outer environment, represents a conservative 
fold found nowadays in nearly all dsDNA viruses so far studied.

3.2 Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is an important technique that resolves 
structures of small proteins that are not suitable for crystallisation due to their 
flexibility. This method is based on exploiting the electrical charges and spins of the 
nuclei in a molecule. If an external magnetic field is applied, energy is transferred to 
the nuclei changing their state from the level of base energy to a higher energy. This 
energy is emitted when the spin returns back to its base level at a frequency cor-
responding to radio frequencies1. The signal that matches this transfer is measured 
and processed in order to yield a NMR spectrum [17, 20]. This technique is typically 
used for proteins of less than 200 amino acids and an upper weight limit of about 
50 kDa, so it is unsuitable for the structural determination of complete viruses. 
However, it can be used to analyse flexibility of bigger complexes [21]. The NMR 
structures can be docked into low-resolution cryo-EM structures.

3.3 Electron microscopy

Light microscopy has been used for several centuries to study objects that are 
hardly visible to the naked eye. In conventional microscopy, resolution is mostly 
restricted according to the theoretical context of the Rayleigh criterion [22]. This 
limit is defined by the diffraction properties of light in lenses and has restricted 
our view to objects bigger than 250 nm. New developments in technology and 
advances in optical quality, electronics and software have delivered new options 
and extended the field of applications for electron microscopes allowing visualisa-
tion of single molecules. Electron microscopes use a beam of electrons (wavelength 
of less than 0.1 nm) instead of visible light (wavelength 400–700 nm). Due to their 
charge, the electrons can be focused using an electromagnetic field, which is why 
the optical system of the electron microscope (EM) is similar to the general optical 
system of light [23]. The short wavelength of the electron beam allows details of 
small objects less than 0.1 nm in size to be seen. However, biological samples are 
not stable in the vacuum necessary to create an image using electrons that would 
otherwise become absorbed by air, and, moreover, biological samples are sensitive 
to the electron irradiation. These factors reduce the level of achievable resolution.

At the very beginning of EM evolvement, a method called negative staining was 
used for visualisation of biological complexes. In this case a drop of biocomplex 
solution is placed on a support grid and embedded in a heavy atom salt, usually ura-
nyl acetate [24]. Since the specific density of the negative stain is much higher than 

1 chem.ch.huji.ac.il/nmr/whatisnmr/whatisnmr.html
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the density of the biological molecules in the microscope, we can see the cast of the 
molecule merged into the surrounding stain. Where the stain did not penetrate into 
the molecule, one can see light spots in the image as the stain has blocked electrons. 
Sample preparation is fast and produces very high contrast. However, this technique 
does not allow fine details to be seen, and the particle becomes distorted due to the 
drying procedure required. The stain has a relatively large grain (up to 1.5 nm) that 
obscures details of the molecules under study.

Nearly four decades ago, a cryo-technique for sample preparation was introduced 
that allows biocomplexes to be kept at nearly native conditions. A thin layer of sam-
ple on a grid is flash frozen at liquid nitrogen temperatures, thus trapping molecules 
in a native, hydrated state within a thin layer of amorphous ice [25]. This technique is 
used to study the structural organisation of biocomplexes by cryo- electron micros-
copy (cryo-EM) or electron tomography (cryo-ET). Until two decades ago, all data 
in EM was collected on films that had to be developed and digitised, which was time-
consuming. The advent of charge-coupled devices (CCDs) allowed direct digital 
acquisition of images and the collection of large numbers of particles giving rise to 
structures of higher resolution. Later, direct electron  detectors were introduced into 
EM and are now used in all high-end electron microscopes [26]. Together with new 
approaches in microtechnology and the automation of data collection, the results 
from image analysis have improved tremendously. Cryo-EM is now approaching the 
near-atomic resolution that had only been achieved by X-ray crystallography. New 
maps obtained by cryo-EM provide information on the main polypeptide chains and 
often reveal the positions of side chains. The current highest resolution of structures 
currently deposited in the EMDB is 1.5 Å [27], with many others at a resolution 
between 3.5 and 4 Å. At this resolution atomic models can be built and refined using 
the crystallographic methods.

In cryo-ET the samples are also flash frozen, but data is collected by tilting the 
grid with the sample between −60 and 60° around the horizontal axis (perpendicu-
lar to the optical axis of the microscope) with an increment typically of 2°. The 2D 
images taken at each angle are combined to calculate a 3D map of the object. The 
limitation in the range of the tilt results in a cone of missing data [28]. The resolu-
tion in structures obtained by cryo-ET is lower than that in single-particle analysis. 
However, this approach allows visualisation of important organelles within cells. If 
there are multiple small structures such as ribosomes or viruses, then each structure 
can be extracted and averaged. This is called subtomogram averaging and will give 
higher-resolution structures [29].

4. Overall structural organisation of phages

Phages may have different shapes and sizes (Figure 1A). The most studied group 
is that of tailed phages with a dsDNA genome, and it also represents the largest 
group (Figure 1B). The tailed phages have three major components: a capsid where 
the genome is packed, a tail that serves as a pipe during infection to secure transfer 
of genome into host cell and a special adhesive system (adsorption apparatus) at 
the very end of the tail that will recognise the host cell and penetrate its wall. Cell 
resources are used for the phage reproduction.

The functional phage is a result of a multistep process that starts with all the nec-
essary proteins produced by the host cell after infection: capsid, portal, tail, scaffold-
ing, terminase, etc. (Figure 2). The capsids of the dsDNA phages often have fivefold 
or icosahedral symmetries [30], which are broken at one of the fivefold axes by 
the head-to-tail interface (HTI). The main component of the HTI is a dodecameric 
portal protein (PP) within the capsid. The PP represents the DNA-packaging motor, 
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1 chem.ch.huji.ac.il/nmr/whatisnmr/whatisnmr.html
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the density of the biological molecules in the microscope, we can see the cast of the 
molecule merged into the surrounding stain. Where the stain did not penetrate into 
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is that of tailed phages with a dsDNA genome, and it also represents the largest 
group (Figure 1B). The tailed phages have three major components: a capsid where 
the genome is packed, a tail that serves as a pipe during infection to secure transfer 
of genome into host cell and a special adhesive system (adsorption apparatus) at 
the very end of the tail that will recognise the host cell and penetrate its wall. Cell 
resources are used for the phage reproduction.

The functional phage is a result of a multistep process that starts with all the nec-
essary proteins produced by the host cell after infection: capsid, portal, tail, scaffold-
ing, terminase, etc. (Figure 2). The capsids of the dsDNA phages often have fivefold 
or icosahedral symmetries [30], which are broken at one of the fivefold axes by 
the head-to-tail interface (HTI). The main component of the HTI is a dodecameric 
portal protein (PP) within the capsid. The PP represents the DNA-packaging motor, 
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which is the crucial part of these nano-machines. The HTI also includes oligomeric 
rings of head completion proteins that play dual roles: (1) making an additional 
interface to molecules of ATP which provide energy for DNA packaging and (2) then 
connecting the portal protein and the tail. Some HTIs also serve as valves that close 
the exit channel preventing leakage of genome from the capsid but opening as soon 
as the phage is attached to the host cell. However, symmetries other than dodeca-
meric have been found for nearly all PPs in vitro if the PPs are assembled under 
naive conditions, without any other phage protein components [31–35]. Typically, 
the main phage proteins have conservative folds despite low sequence similarity, 
although they may have different additional domains [36, 37].

The phage tail is the structural component of the phage that is essential during 
infection. Its adsorption apparatus located on the distal end of the tail recognises a 
receptor, or the envelope chemistry, of the host cell and ensures genome delivery to 
the cell cytoplasm. In Myoviridae and Siphoviridae, the tail is composed of a series 
of stacked rings with the host recognition device being located at the end of the 
tail. In Podoviridae the adsorption apparatus is bound immediately to the HTI. The 
adsorption apparatus is surrounded in many phages by fibrils that ensure a tight 
connection to the host cell (Figure 2).

4.1 Procapsids

The capsid of a phage has a precursor formation, named the procapsid, during 
the assembly process (Figure 2). Scaffolding proteins (SPs) drive the assembly 
process by chaperoning major capsid protein (MCP) subunits to build an icosa-
hedral procapsid that is later filled with dsDNA. The SPs are bound to the portal 

Figure 2. 
Self-assembly pathway of phages. Multiple copies of the capsid/scaffold complex bind the portal protein to 
form the procapsid; then, the scaffold proteins are ejected, and DNA is packaged into the procapsid, which 
expands to the size of the mature capsid. The head completion proteins (the stopper and the adaptor) are 
bound to the portal complex preventing DNA leakage. Next, decoration proteins bind to the capsid, and the 
tail, assembled separately or after DNA packaging, is attached; thus, the final infectious phage is produced. 
The preassembled tail attaches in Myoviridae and Siphoviridae, while in Podoviridae the tail assembles at 
the stopper.
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complex during formation of a procapsid with scaffolding inside. The sequence of 
conformational changes from a procapsid to the phage capsid where genome has 
been packed is named as the maturation process and goes through a series of inter-
mediates [19, 38–40]. Some phages like HK97 and T5 do not have a separate SP; 
instead, the capsid protein is fused with a scaffolding domain at the N-terminus. 
As soon as the procapsid is assembled, the scaffolding domain is cleaved off and 
then like the separate SP will be removed from the capsid to make room for the 
genome [38, 39]. Structures of procapsids and mature virions have been determined 
for a number of phages (Table 1). The spherical capsid shell expands during 
maturation and becomes thinner due to alterations in the inter- and intra-subunit 
contacts.

4.2 Capsids

Most tailed phages have capsids of an icosahedral shape formed by multiple 
copies of one or more proteins. Icosahedral capsids are characterised by 12× five-
fold, 20× threefold and 30× twofold axes, which give rise to 60 copies of the major 
independent parts [41]. A triangulation number (T number) describes the number 
of copies of the same protein within the independent part of the icosahedral lattice. 
The overall number of proteins in the virus corresponds to the T number multiplied 
by 60; for example, a T = 3 virus has 180 subunits [41]. Oligomers of the proteins 
that are located on the fivefold axes are referred to as pentons, while those com-
plexes that are located on the faces of the icosahedron and form oligomers from six 
subunits are named as hexons.

Phage Type of 
phage

Capsid 
protein

No. of 
residues

M. Mass 
(kDa)

Resolution (Å) Structure 
analysis

HK97 Sipho gp5 385
282 (AC)

42 3.44 (C)
12 (PC)

X-ray [42]
EM [51]

Т5 Sipho pb8 458
299 (AC)

51 9 (C) EM [52]

λ Sipho gpE 341 38 6.8 (C),13.3 
(PC)

EM [47]

SPP1 Sipho gp13 324 35 8.8 (C) EM [53]

TP901-1 Sipho ORF36 272 29 15 EM [54]

TW1 Sipho gp57* 352 39 7 EM [55]

φ29 Podo gp8 448 50 8 EM [56]

T7 Podo gp10 345 37 4.6 (PC)
3.6 (C)

EM [57]

P22 Podo gp5 430 47 3.8 (PC)
4.0 (C)
3.3 (C)

EM [58–60]

ε15 Podo gp7 335 37 4.5 EM [50]

T4 Myo gp24
gp24*
gp23
gp23*

427
417 (AC)

521
456 (AC)

47
44
56
49

2.9 (monomer)
3.3 (EM)

X-ray [61] EM 
[62]

HSV-1 virus VP5 1374 149 4.2 (C) EM [63]

AC—after cleavage; C—capsid; PC—procapsid

Table 1. 
Phage procapsids and capsids.
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complex during formation of a procapsid with scaffolding inside. The sequence of 
conformational changes from a procapsid to the phage capsid where genome has 
been packed is named as the maturation process and goes through a series of inter-
mediates [19, 38–40]. Some phages like HK97 and T5 do not have a separate SP; 
instead, the capsid protein is fused with a scaffolding domain at the N-terminus. 
As soon as the procapsid is assembled, the scaffolding domain is cleaved off and 
then like the separate SP will be removed from the capsid to make room for the 
genome [38, 39]. Structures of procapsids and mature virions have been determined 
for a number of phages (Table 1). The spherical capsid shell expands during 
maturation and becomes thinner due to alterations in the inter- and intra-subunit 
contacts.

4.2 Capsids

Most tailed phages have capsids of an icosahedral shape formed by multiple 
copies of one or more proteins. Icosahedral capsids are characterised by 12× five-
fold, 20× threefold and 30× twofold axes, which give rise to 60 copies of the major 
independent parts [41]. A triangulation number (T number) describes the number 
of copies of the same protein within the independent part of the icosahedral lattice. 
The overall number of proteins in the virus corresponds to the T number multiplied 
by 60; for example, a T = 3 virus has 180 subunits [41]. Oligomers of the proteins 
that are located on the fivefold axes are referred to as pentons, while those com-
plexes that are located on the faces of the icosahedron and form oligomers from six 
subunits are named as hexons.
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Resolution (Å) Structure 
analysis

HK97 Sipho gp5 385
282 (AC)

42 3.44 (C)
12 (PC)

X-ray [42]
EM [51]
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51 9 (C) EM [52]

λ Sipho gpE 341 38 6.8 (C),13.3 
(PC)

EM [47]

SPP1 Sipho gp13 324 35 8.8 (C) EM [53]

TP901-1 Sipho ORF36 272 29 15 EM [54]

TW1 Sipho gp57* 352 39 7 EM [55]

φ29 Podo gp8 448 50 8 EM [56]

T7 Podo gp10 345 37 4.6 (PC)
3.6 (C)

EM [57]

P22 Podo gp5 430 47 3.8 (PC)
4.0 (C)
3.3 (C)

EM [58–60]

ε15 Podo gp7 335 37 4.5 EM [50]

T4 Myo gp24
gp24*
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427
417 (AC)

521
456 (AC)

47
44
56
49
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Phage procapsids and capsids.
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HK97 phage. The first structure of a phage capsid was solved for the 
Siphoviridae HK97 phage (a mutant without the PP and tail, diameter ~650 Å, 
T = 7) at 3.6 Å resolution [19] by X-ray crystallography. This structure revealed 
a new type of protein fold, which has been found in many other phage capsid 
proteins (CP) despite low sequence identity (Table 1). Later, the structure was 
improved to 3.45 Å resolution [42]. This fold is also found in distantly related 
icosahedral tailed viruses that infect halophilic archaea [43] and human pathogens 
such as Herpesviridae [44–46]. The characteristic features of the HK97-fold are an 
N-arm, a peripheral P-domain with a long helix and a β-sheet, an axial A-domain 
and a long E-loop that fills the region between adjacent threefold axes (Figure 3A). 
The HK97 capsid is held together by molecular chain mail [19]. The two antiparal-
lel β-strands in the E-loop are terminated by a loop, containing Lys169. This residue 
forms an isopeptide bond with the P-domain residue Asn356 of an adjacent sub-
unit. The third residue involved is the catalytic residue Glu363 from a third subunit 
(Figure 3A). Conformational changes between HK97 procapsids and capsids were 
assessed by flexible fitting of atomic models [40]. The capsid subunits are skewed 
around a pseudo-twofold axis in the procapsid but form more symmetric pentons 
and hexons in the mature virion.

λ phage. The mature capsid of the Siphoviridae phage λ (diameter ~600 Å, T = 7) 
is stabilised with the help of a decoration protein gpD which is attached to the 
threefold vertices. A procapsid structure was determined with a resolution between 
13.3 and 14.5 Å and a mature capsid at 6.8 Å [47]. The capsid protein gpE of the 
mature capsid shows clearly the HK97-fold so the HK97 model was used for rigid 
body fitting into the capsid [47]. However, the A-domain gave a poor fit so it was 
treated as a separate rigid body and was found to be rotated 15° clockwise compared 
with HK97. There was unassigned density, which could fit the extra 59 residues in 

Figure 3. 
Structural organisation of the major capsid proteins. (A) Siphophage HK97 (1OHG). The catalytic residues are 
shown in brown and circled. (B) Podophage ε15 (3 J40). (C) Podophage P22 (5UU5). (D) MyophageT4 gp23* 
(5VF3). The N-arm is dark blue, the P-domain is red, the A-domain is light blue and the E-loop is yellow. 
Extra inserted domains seen in P22 and T4 are magenta. The yellow linker in T4 is topologically equivalent to 
the E-loop seen in the other phages.
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the λ phage. The crystal structure of gpD (1.1 Å) [48] was fitted into the cryo-EM 
capsid map and, when combined with the HK97 model, showed how gpD is held in 
place at the capsid threefold axis.

ε15 phage. The structure of gp7, the MCP of the Salmonella phage ε15, was  
determined by cryo-EM (4.5 Å) [49] and showed a fold similar to that in HK97 (Figure 3B).  
Later, the same group obtained a better resolution structure (~3.5 Å) [50] and, 
using their previous 4.5 Å structure for gp7, computationally analysed possible 
different gp7 conformations within EM density obtained from averaging the indi-
vidual subunits in one asymmetric unit. They found that two models could be fitted 
in the structure: one that was consistent with the previous interpretation [49], and 
the other had a strand swap of the β-strands in the P-domain before the two helices 
in the A-domain. The strand order was 4-3-1-5-2, but in the swapped model, it was 
now 5-4-2-3-1. The model with the strand swap provided a better visual fit in the 
refined map [50].

P22 phage. Structures of a procapsid and a heat-expanded capsid of the 
Podoviridae P22 phage (diameter ~620 Å, T = 7) were determined by cryo-EM 
at 9.1 and 8.2 Å, respectively [58]. This heat-expanded capsid was composed 
only of hexons with wide openings where the pentons would be. The MCP gp5 
revealed the HK97-fold, but there was an extra domain (residues 223–349) with an 
immunoglobulin-like telokin domain [64]. Later, the procapsid and capsid struc-
tures were determined by cryo-EM at 3.8 and 4.0 Å resolution, respectively [59]. 
It was also found that gp5 has the HK97-fold with extra density above the E-loop 
corresponding to the telokin domain (Figure 3C). A model built from a cryo-EM 
map of P22 (3.3 Å) [60] identified the interactions that stabilise the capsid. In the 
mature virion, the N-arm forms an antiparallel β-strand pair between neighbouring 
subunits around the threefold axis. A second set of interactions involve hydrogen 
bonds and salt bridges between adjacent subunits involving the A-domain, the 
E-loop and the I-domain [60].

φ29 phage. The podovirus φ29 is a relatively small phage (prolate icosahedra, 
height ~540 Å, diameter ~450 Å) that requires pRNA along with the ATPase gp16 
to provide enough energy for the DNA translocation. The procapsid consists of 
the MCP gp8, the SP gp7, the head fibre protein gp8.5, the connector gp10 and a 
pRNA. After DNA packaging, the pRNA and ATPase come off the procapsid and 
are replaced by the gp11 and gp13 underneath the connector, gp29 at the end of the 
tail and the appendages (gp12*) which are attached to gp11 and gp13 [65]. During 
maturation an 18 kDa fragment of gp12 is cleaved off to give gp12* found in the 
appendages whose role is to adsorb the virion on the host cell. A fibreless, isometric 
φ29 variant capsid cryo-EM structure (7.9 Å) showed that gp8 has a structure with 
the HK97-fold but with extra density [66]. Domain profile-searching algorithms 
[67] showed that residues 348–429 at the C-terminus were found to be 32% identi-
cal to a BIG2 domain consensus sequence (group 2 bacterial immunoglobulin-like 
domains). An asymmetric reconstruction of fibreless full (7.8 Å) and empty (9.3 Å) 
capsids by cryo-EM revealed the interactions between the capsid shell and DNA 
[56]. All these interactions were in similar or identical locations in most of the 
gp8 subunits. The most prominent contact was at the end of a long tubular piece 
of density, which after fitting a HK97 homology model could be assigned to the 
N-terminal end of the HK97 long helix.

T4 phage. The protein elements of the Myoviridae phage T4 (prolate icosahedra, 
height ~2000 Å, diameter ~900 Å) and its overall organisation have been exten-
sively studied by X-ray and EM [62, 68–70]. The procapsid of T4 contains two 
proteins gp23 and gp24 which have 22% sequence identity. During maturation the 
gp21 protease cleaves off 65 N-terminal residues from the capsid protein gp23 and 
10 N-terminal residues from the vertex protein gp24 to produce gp23* and gp24*, 
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the λ phage. The crystal structure of gpD (1.1 Å) [48] was fitted into the cryo-EM 
capsid map and, when combined with the HK97 model, showed how gpD is held in 
place at the capsid threefold axis.

ε15 phage. The structure of gp7, the MCP of the Salmonella phage ε15, was  
determined by cryo-EM (4.5 Å) [49] and showed a fold similar to that in HK97 (Figure 3B).  
Later, the same group obtained a better resolution structure (~3.5 Å) [50] and, 
using their previous 4.5 Å structure for gp7, computationally analysed possible 
different gp7 conformations within EM density obtained from averaging the indi-
vidual subunits in one asymmetric unit. They found that two models could be fitted 
in the structure: one that was consistent with the previous interpretation [49], and 
the other had a strand swap of the β-strands in the P-domain before the two helices 
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T4 phage. The protein elements of the Myoviridae phage T4 (prolate icosahedra, 
height ~2000 Å, diameter ~900 Å) and its overall organisation have been exten-
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respectively. In the mature capsid, gp23* forms 120 hexons, and 11 capsid vertices are 
formed by gp24* proteins, while the 12th is occupied by a dodecamer of gp20 PP. T4 
has two decoration proteins Soc and Hoc [62]. A crystal structure of gp24 (2.9 Å) 
[61] showed a domain with the HK97-fold and a 60 residue insertion I-domain 
located on the outer capsid surface (Figure 3D). The 3.3 Å cryo-EM reconstruction 
of the isometric capsid of T4 [62] allowed the structure of gp23* and gp24* to be 
determined. The I-domain linker, missing from the crystal structure of gp24, could 
be seen and interacts with a neighbouring gp24* molecule to stabilise the capsid. The 
structure of gp23* is similar to gp24* but with an extra compact region formed by 
residues 66–93, termed the “N-fist” prior to the N-arm residues 94–110 [62].

Crystal structures were obtained for the Hoc protein from the T4-like phage 
RB49 with the capsid-binding C-terminal domain 4 missing [71] and Soc protein 
from the T4-like phage RB49 [72]. The Soc molecules, which are required for capsid 
stability, interact with three gp23* subunits [62] although not all binding sites 
were fully occupied possibly due to differences in the gp23* I-domain linkers. The 
immunogenic outer capsid Hoc protein was found in two different sites within the 
asymmetric unit: at the centre of the hexon near the icosahedral threefold axis and 
in the hexon close to the fivefold axis [62]. The density of Hoc near the threefold 
axis was less interpretable than that near the fivefold axis.

HSV-1 virus. Although it is not a phage, the human herpesvirus HSV-1 capsid 
(1250 Å, T = 16) is a close relative and undergoes a pathway of self-assembly similar 
to that of dsDNA phages [73]. The virion is characterised by the following features: 
envelope, tegument, capsid and the viral genome. There are three types of HSV 
capsids: A-capsids have neither DNA nor the SP, B-capsids have the SP but no DNA 
and C-capsids contain DNA but no SP. The MCP VP5 forms pentons and hexons 
and VP26 binds to the VP5 hexons. A triplex of VP19C and VP23 found between 
capsomers [45]. The upper domain of residues 451–1054 was crystallised and the 
structure was determined at 2.9 Å. The structure of the whole virion of HSV-1 was 
determined at ~7 Å resolution [45]. The model of HK97 capsid protein was fitted 
to the lower domain of VP5 where the E-loop and N-arm were visible, the spline 
helix was longer and the central channel was wider. Unlike HK97, the E-loop does 
not form the covalent cross-links or reach an adjacent capsomer. Instead, it interacts 
with adjacent subunits, lower and middle domains of same VP5 subunit and a 
triplex molecule. A structure of HSV-1 with its capsid-associated tegument complex 
(CATC) has been obtained at 4.2 Å [63]. VP5 had the HK97-fold with six additional 
domains. The two β-barrels in HSV Tri1 (VP19c) and Tri2 (VP23) resemble the 
homotrimers found in proteins like gpD of phage λ.

4.3 Connectors

In phages and herpesviruses, one of the fivefold vertices of the capsid is replaced 
by a head-to-tail interface (HTI) [30], which is a multi-protein complex (connector). 
In all phages the HTI provides a platform for docking of preassembled tails in Sipho- 
or Myoviridae or initiates the assembly of a short tail in Podoviridae [30]. The HTI 
comprises a portal complex (PP) and head completion proteins (Figure 2) that serve 
as a valve for closing the channel and keeping the phage genome inside the capsid at 
high pressure and only opens to allow genome release from the capsid (under natural 
conditions) as soon as the phage becomes tightly attached to a host cell.

All currently known PPs are homo-dodecamers when extracted from the viral 
capsids, as that symmetry is imposed during self-assembly in vivo. However, naive 
assemblies in vitro of the PP complexes have some variations in their rotational sym-
metry with 13-mers being observed for SPP1, T7 and HK97 [31, 33, 74]. HSV has been 
shown to have 11-fold, 12-fold, 13-fold and sometimes even 14-fold symmetry [34].  
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While monomers of the different PPs vary in size, all of them share a common fold—
shown by EM and X-ray structures that were obtained for the φ29, SPP1 and P22 por-
tals [75–78] and by cryo-EM for T7 and T4 (Table 2) [69, 79]. All known PP monomers 
are characterised by four domains: clip, stem, wing and crown (Figure 4) [77].  
The clip domain is exposed to the capsid exterior and involved in binding to the 
terminase for DNA packaging [75, 80, 81] and later to a head completion protein 
during the HTI assembly [82]. The first high-resolution structure of a phage PP was 
obtained for the φ29 phage (Figure 4A, [75]). The clip domain is linked to the wing 
region through a stem that comprises typically two α-helices and the outer loops 
(Figure 4B, C). X-ray structures of PP from φ29 and SPP1 phages revealed major 
helical components that form the central channel through which DNA enters and 
exits the capsid. The structures of other PPs obtained later have confirmed that this 
is a conserved element characteristic for all known PPs. The wing domain radiates 
outwards from the central axis and has an α-helix, which is the longest one and 
serves as a spine of the wing. It has an α/β sub-fold at its periphery [77]. The crown 
domain consists of α-helices and is relatively small in SPP1 and surprisingly long 
(213 aa) in phage P22 (Figure 4B, D, Table 2).
SPP1 phage. The SPP1 phage connector has been studied for nearly two decades; 

the SPP1 PP structure was determined by X-ray crystallography, and all other portal 
complexes are compared with it (Figures 4B, C and 5A, B), but this structure was 
a 13-mer [31]. The HTI of SPP1 extracted from the capsid was a stable complex 
composed of the PP gp6, the adaptor protein (AP) gp15 and the stopper (SP) gp16, 
all organised as three stacked cyclical homo-oligomers [82–84] (Figure 5A, B). 
The cryo-EM structure of the SPP1 HTI before and after DNA release was obtained 
by cryo-EM at ~7 Å resolution, where the HTI is bound to the tail [82] with gp16 
acting as a docking platform for the SPP1 preassembled tail [85, 86]. Binding of the 
tail induces changes in the position of the gp16 residues Ile9 to Thr33 that close the 
central channel of the connector.

HK97 phage. There is no structure of the PP gp3 of the HK97 phage, but 
structures of gp6 and gp7 that correspond to the AP gp15 and SP gp16 of SPP1, 
respectively, were determined by X-ray analysis [74]. The 2.1 Å crystal structure 
of the gp6 AP revealed that it forms a 13-mer during crystallisation. A model for a 

Phage PP No. of residues M. Mass (kDa) Resolution (Å) Structure analysis

HK97 gp3 424 47 none

T5 pb7 403 45 none

λ gpB 533 59 none

SPP1 gp6 503 57 3.4 (X-ray), ~7 (EM) X-ray [77], EM [82]

TP901-1 ORF32 452 52 20 EM [54]

TW1 gp24 459 51 21 EM [55]

φ29 gp10 309 36 2.1 X-ray [76]

T7 gp8 536 59 8, 12 EM [87]

P22 gp1 725 83 10.5 (EM)
3.25 (X-ray)

EM [88]
X-ray [78]

ε15 gp4 556 61 20 EM [89]

T4 gp20 524 61 3.6 EM [69]

HSV-1 pUL6 676 74.2 8 EM [90]

Table 2. 
Phage portal proteins.
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RB49 with the capsid-binding C-terminal domain 4 missing [71] and Soc protein 
from the T4-like phage RB49 [72]. The Soc molecules, which are required for capsid 
stability, interact with three gp23* subunits [62] although not all binding sites 
were fully occupied possibly due to differences in the gp23* I-domain linkers. The 
immunogenic outer capsid Hoc protein was found in two different sites within the 
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axis was less interpretable than that near the fivefold axis.
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(1250 Å, T = 16) is a close relative and undergoes a pathway of self-assembly similar 
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capsids: A-capsids have neither DNA nor the SP, B-capsids have the SP but no DNA 
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structure was determined at 2.9 Å. The structure of the whole virion of HSV-1 was 
determined at ~7 Å resolution [45]. The model of HK97 capsid protein was fitted 
to the lower domain of VP5 where the E-loop and N-arm were visible, the spline 
helix was longer and the central channel was wider. Unlike HK97, the E-loop does 
not form the covalent cross-links or reach an adjacent capsomer. Instead, it interacts 
with adjacent subunits, lower and middle domains of same VP5 subunit and a 
triplex molecule. A structure of HSV-1 with its capsid-associated tegument complex 
(CATC) has been obtained at 4.2 Å [63]. VP5 had the HK97-fold with six additional 
domains. The two β-barrels in HSV Tri1 (VP19c) and Tri2 (VP23) resemble the 
homotrimers found in proteins like gpD of phage λ.

4.3 Connectors

In phages and herpesviruses, one of the fivefold vertices of the capsid is replaced 
by a head-to-tail interface (HTI) [30], which is a multi-protein complex (connector). 
In all phages the HTI provides a platform for docking of preassembled tails in Sipho- 
or Myoviridae or initiates the assembly of a short tail in Podoviridae [30]. The HTI 
comprises a portal complex (PP) and head completion proteins (Figure 2) that serve 
as a valve for closing the channel and keeping the phage genome inside the capsid at 
high pressure and only opens to allow genome release from the capsid (under natural 
conditions) as soon as the phage becomes tightly attached to a host cell.

All currently known PPs are homo-dodecamers when extracted from the viral 
capsids, as that symmetry is imposed during self-assembly in vivo. However, naive 
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While monomers of the different PPs vary in size, all of them share a common fold—
shown by EM and X-ray structures that were obtained for the φ29, SPP1 and P22 por-
tals [75–78] and by cryo-EM for T7 and T4 (Table 2) [69, 79]. All known PP monomers 
are characterised by four domains: clip, stem, wing and crown (Figure 4) [77].  
The clip domain is exposed to the capsid exterior and involved in binding to the 
terminase for DNA packaging [75, 80, 81] and later to a head completion protein 
during the HTI assembly [82]. The first high-resolution structure of a phage PP was 
obtained for the φ29 phage (Figure 4A, [75]). The clip domain is linked to the wing 
region through a stem that comprises typically two α-helices and the outer loops 
(Figure 4B, C). X-ray structures of PP from φ29 and SPP1 phages revealed major 
helical components that form the central channel through which DNA enters and 
exits the capsid. The structures of other PPs obtained later have confirmed that this 
is a conserved element characteristic for all known PPs. The wing domain radiates 
outwards from the central axis and has an α-helix, which is the longest one and 
serves as a spine of the wing. It has an α/β sub-fold at its periphery [77]. The crown 
domain consists of α-helices and is relatively small in SPP1 and surprisingly long 
(213 aa) in phage P22 (Figure 4B, D, Table 2).
SPP1 phage. The SPP1 phage connector has been studied for nearly two decades; 

the SPP1 PP structure was determined by X-ray crystallography, and all other portal 
complexes are compared with it (Figures 4B, C and 5A, B), but this structure was 
a 13-mer [31]. The HTI of SPP1 extracted from the capsid was a stable complex 
composed of the PP gp6, the adaptor protein (AP) gp15 and the stopper (SP) gp16, 
all organised as three stacked cyclical homo-oligomers [82–84] (Figure 5A, B). 
The cryo-EM structure of the SPP1 HTI before and after DNA release was obtained 
by cryo-EM at ~7 Å resolution, where the HTI is bound to the tail [82] with gp16 
acting as a docking platform for the SPP1 preassembled tail [85, 86]. Binding of the 
tail induces changes in the position of the gp16 residues Ile9 to Thr33 that close the 
central channel of the connector.

HK97 phage. There is no structure of the PP gp3 of the HK97 phage, but 
structures of gp6 and gp7 that correspond to the AP gp15 and SP gp16 of SPP1, 
respectively, were determined by X-ray analysis [74]. The 2.1 Å crystal structure 
of the gp6 AP revealed that it forms a 13-mer during crystallisation. A model for a 

Phage PP No. of residues M. Mass (kDa) Resolution (Å) Structure analysis
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dodecameric ring of gp6 was constructed from a monomer taken from the 13-mer 
and fitted into a cryo-EM map of SPP1 [83]. This fitted well in size and shape, but 
the helices of HK97 gp6 did not fit well into the densities of the SPP1 connector EM 
map which suggested that the assembly into a 13-mer in the absence of other phage 
components may produce a different conformation [74].

P22 phage. The HTI of the P22 phage consists of two proteins, the PP gp1 and 
the AP gp4. The first structural organisation of the P22 HTI complex was obtained 
by cryo-EM at a resolution of 9.4 Å [91]. A crystal structure (3.25 Å) was obtained 
for the PP by using low-resolution EM data for phasing (Figure 5C, D [78]). The 
complete polypeptide chain was traced apart from a loop between residues 464 and 
492, and loop modelling was used to build this area from a 9.2 Å cryo-EM map [88]. 
The overall height is ~300 Å with the gp4 AP forming a dodecameric ring below 
the PP. The PP of P22 has the same fold in its central channel as SPP1 [90] and φ29 
[88, 89] (Figures 4D, 5D). The crystal structure of the full-length PP revealed that 
the C-terminal domain forms a ~200 Å long, α-helical barrel. At the same time, an 
asymmetric reconstruction of the entire P22 virion has been determined by cryo-
EM at 7.8 Å resolution [92]. The 150 Å coiled-coil barrel structure extends from 
the PP to near the centre of the capsid. Fitting the crystal structure of the core-
gp4 complex into the 7.8 Å virion density map revealed a stretch of about 21 gp4 
C-terminal residues that lie wedged between the capsid and portal [92]. Overlap 
between gp4 and the MCP gp5 indicates that gp4 must undergo significant confor-
mational change during phage assembly when the tail is added. A comparison of 
the portal position in the procapsid and the virion shows that the portal increases 
its contact with the capsid shell during maturation. It was proposed that a portion 
of the scaffold remains in place during dsDNA packaging to allow access of the gp4 

Figure 4. 
Structures of portal proteins. One chain of the PP is highlighted in red. (A) gp10 of φ29 (1FOU). (B) gp6 of SPP1 
(2JES). (C) A gp6 SPP1 monomer with the crown, stem, wing and clip domains indicated. (D) gp1 of P22 (3LJ5). 
(E) gp8 of T7 (3J4A). (F) gp24 of T4 (3JA7).
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C-terminus to the bottom of the portal [92]. When gp4 binds, the SP is displaced 
allowing the final conformational change implied by the position gp4 C-terminal 
polypeptide that is wedged between the capsid and the HTI.

T7 phage. The HTI of T7 was determined at 8 Å resolution [79], and the dodecameric 
T7 PP was found to be structurally similar to the PPs from other phages (Figure 4E). A 
~12 Å resolution structure of a recombinant HTI (gp8-gp11-gp12) complex of T7 was 
determined by cryo-EM [87], and pseudo-atomic models were obtained using gp1 and 
gp4 of P22 for fitting and analysis of the T7 gp8 (PP) and gp11 (AP), respectively [78]. 
The T7 gp8 model was superimposed on gp10 from φ29 [75, 76], gp1 from P22 [78] and 
gp6 from SPP1 [77] which confirmed the presence of two stem helices, but the fold of 
the clip domain varies between the different PPs [87]. Previous structures of the head 
completion proteins have shown them to contain four helices, and when the T7 gp11 
model was superimposed on gp4 from P22 and gp6 from HK97 [74, 78], the position of 
these four helices was conserved, but the C-termini were flexible.

T4 phage. The structure of the T4 HTI region was determined by cryo-EM for 
the fully assembled capsid (~17 Å) [93]. The neck region, which connects the tail to 
the dodecameric PP (gp20), comprises adaptor proteins gp3, gp15, gp13, gp14 and 
gp wac (fibritin). It was assumed that the T4 HTI would have a similar PP organisa-
tion to other phages; therefore, the crystal structure of the φ29 PP was tentatively 
docked into the cryo-EM map of the T4 HTI region [75, 93]. Recently, the structure 
of the gp20 PP from T4 was determined by cryo-EM (3.6 Å) (Figure 4F, [69]). 
Interestingly, a gp20-N74 construct with the 73 N-terminal residues truncated 
contained 95% dodecamers and 5% 13-mers in solution [69]. The dodecameric PP 
was ~120 Å in height and varied in diameter from 90 Å (top) to 170 Å (middle) and 
to 80 Å close to the capsid, while the central channel goes from 90 to 28 Å near the 
middle of the channel. The connection to the capsid was by the PP wing domains, 
and the interactions are partially hydrophobic and partially polar [69].

φ29 phage. The asymmetric 3D reconstructions of φ29 with and without 
DNA obtained by cryo-EM at 7.8 and 9.3 Å, respectively, showed that the PP gp10 
dodecamer has elongated densities lining the central channel and tilted at ~30° to the 
central axis of the virion [56]. These cylindrical densities correspond to the α-helices 
seen in the crystal structure of the φ29 PP [76]. The density of the clip domain in 
the cryo-EM map lies further away from the PP axis than in the crystal structure 
possibly due to a different conformation of the PP within the fully assembled phage. 
Two cylindrical columns of high density were observed within the virions: one in 
the upper part and another at the bottom of the HTI. These densities were assigned 
to DNA based on the diameter, intensity and their location. The φ29 DNA is visible 
as ringlike densities below the PP, and then DNA stretches into the tail to about 

Figure 5. 
Structures of the HTI. (A) The cryo-EM map of the SPP1 HTI coloured according to protein with the gp6 PP 
(blue), adaptor gp15 (brown) and stopper (purple) (EMD-1021 [83]). (B) Cutaway view of the SPP1 HTI 
with models gp6 (2JES), gp15 (2KBZ) and gp16 (2KCA) fitted into EMD-1021 (from [84]). (C) P22 connector 
complex determined by X-ray crystallography without barrel domain, PP pb1 (blue) and AP gp4 (red).  
(D) Central slice of C [91].
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the PP. The PP of P22 has the same fold in its central channel as SPP1 [90] and φ29 
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C-terminus to the bottom of the portal [92]. When gp4 binds, the SP is displaced 
allowing the final conformational change implied by the position gp4 C-terminal 
polypeptide that is wedged between the capsid and the HTI.

T7 phage. The HTI of T7 was determined at 8 Å resolution [79], and the dodecameric 
T7 PP was found to be structurally similar to the PPs from other phages (Figure 4E). A 
~12 Å resolution structure of a recombinant HTI (gp8-gp11-gp12) complex of T7 was 
determined by cryo-EM [87], and pseudo-atomic models were obtained using gp1 and 
gp4 of P22 for fitting and analysis of the T7 gp8 (PP) and gp11 (AP), respectively [78]. 
The T7 gp8 model was superimposed on gp10 from φ29 [75, 76], gp1 from P22 [78] and 
gp6 from SPP1 [77] which confirmed the presence of two stem helices, but the fold of 
the clip domain varies between the different PPs [87]. Previous structures of the head 
completion proteins have shown them to contain four helices, and when the T7 gp11 
model was superimposed on gp4 from P22 and gp6 from HK97 [74, 78], the position of 
these four helices was conserved, but the C-termini were flexible.

T4 phage. The structure of the T4 HTI region was determined by cryo-EM for 
the fully assembled capsid (~17 Å) [93]. The neck region, which connects the tail to 
the dodecameric PP (gp20), comprises adaptor proteins gp3, gp15, gp13, gp14 and 
gp wac (fibritin). It was assumed that the T4 HTI would have a similar PP organisa-
tion to other phages; therefore, the crystal structure of the φ29 PP was tentatively 
docked into the cryo-EM map of the T4 HTI region [75, 93]. Recently, the structure 
of the gp20 PP from T4 was determined by cryo-EM (3.6 Å) (Figure 4F, [69]). 
Interestingly, a gp20-N74 construct with the 73 N-terminal residues truncated 
contained 95% dodecamers and 5% 13-mers in solution [69]. The dodecameric PP 
was ~120 Å in height and varied in diameter from 90 Å (top) to 170 Å (middle) and 
to 80 Å close to the capsid, while the central channel goes from 90 to 28 Å near the 
middle of the channel. The connection to the capsid was by the PP wing domains, 
and the interactions are partially hydrophobic and partially polar [69].

φ29 phage. The asymmetric 3D reconstructions of φ29 with and without 
DNA obtained by cryo-EM at 7.8 and 9.3 Å, respectively, showed that the PP gp10 
dodecamer has elongated densities lining the central channel and tilted at ~30° to the 
central axis of the virion [56]. These cylindrical densities correspond to the α-helices 
seen in the crystal structure of the φ29 PP [76]. The density of the clip domain in 
the cryo-EM map lies further away from the PP axis than in the crystal structure 
possibly due to a different conformation of the PP within the fully assembled phage. 
Two cylindrical columns of high density were observed within the virions: one in 
the upper part and another at the bottom of the HTI. These densities were assigned 
to DNA based on the diameter, intensity and their location. The φ29 DNA is visible 
as ringlike densities below the PP, and then DNA stretches into the tail to about 

Figure 5. 
Structures of the HTI. (A) The cryo-EM map of the SPP1 HTI coloured according to protein with the gp6 PP 
(blue), adaptor gp15 (brown) and stopper (purple) (EMD-1021 [83]). (B) Cutaway view of the SPP1 HTI 
with models gp6 (2JES), gp15 (2KBZ) and gp16 (2KCA) fitted into EMD-1021 (from [84]). (C) P22 connector 
complex determined by X-ray crystallography without barrel domain, PP pb1 (blue) and AP gp4 (red).  
(D) Central slice of C [91].
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~100 Å [56]. The DNA appears to contact with the PP crown domain and then with 
the density corresponding to the tunnel loops located between the PP crown and 
stem domains. These tunnel loops in the narrowest part of the connector channel 
were found in the SPP1 phage PP and are believed that they play a role in DNA trans-
location [77, 94]. The φ29 DNA appears to be clamped at the top of the tail tube [56].

HSV-1 virus. Herpes simplex virus (HSV-1) has its DNA packaged into the capsid 
through a portal channel of the PP complex (pUL6) [95]. The structure of a dodeca-
meric HSV-1 PP has been determined by cryo-EM at 16 Å resolution from purified 
portals [34]. The structure showed a close resemblance to the SPP1 PP [83]. The PP 
is about the same size as the pentons that occupy the other fivefold vertices, which 
explains the difficulty in localising the portal density in images of HSV capsids 
unlike in phages, which have a tail. The PP, pUL6, was well defined in the A-capsid 
structure located at one fivefold vertex on the outer surface of the capsid as shown by 
cryo-ET [96]. There is also a strong density within the portal channel and inside of 
the capsid, which is interpreted as the end of DNA as seen in φ29 and SPP1 [56, 82].

4.4 Tails

The tail organisation in phages depends on their type: Siphoviridae have long 
flexible tails, and Podoviridae have very short tails that mostly consist of the adhesive 

Phage Tail proteins No. of 
residues

M. Mass 
kDa

Resolution 
(Å)

Structure analysis

HK97 putative tail-
component 

IPR010064, gp10

not defined not known n/a None

Т5 pb6 464 50 2.2
6

X-ray [97]
EM [97]

λ gpV (TP)
gpH (TMP)

gpU (terminator)

246
853
131

26
92
15

n/a
2.7

NMR [98, 102]
X-ray [103]

SPP1 gp17 (TP)
gp17* (TP)

gp18 (TMP)

134
264
1032

15
28
111

n/a
14

NMR (gp17) [104]
EM [85]

TW1 gp12 (TP)
gp14 (TMP)

NF
675

18
72

23 EM [55]

φ29 gp9 (knob)
gp12 (tailspike)

599
854

68
92

2.04
1.8–2.05

7.8

X-ray [105, 106]
EM [56]

T7 gp11 (TP)
gp12 (TP)

gp17 (fibres)

196
794
553

22
89
62

12.0
2.0 (X-ray)

EM (gp11,12,17) [87]
X-ray (gp17) [107]

P22 gp10 (hub)
gp9 (tailspike)

472
667

52
72

9.4
2.0

EM, tomography
[88, 91],

X-ray [108, 109]

ε15 gp20 (tailspike) 1070 116 20n/r EM [89, 110]

T4 gp19 (TP)
gp15 (terminator)

163
272

18
32

4.11
3.4

15.0
3.2

EM [111, 112]
X-ray [113]

HSV does not have the tail n/a n/a n/a n/a

Table 3. 
Phage tail structures.
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device, while Myoviridae have rigid long contractile tails that consist of a number 
of different proteins forming the inner rigid tube and the outer contractile sheath. 
Siphoviridae and Myoviridae have an independent pathway for assembly of their tails 
and are attached to the capsid after it has been packed with genome. However, in 
Podoviridae the tails are assembled on the capsids after DNA packaging as the last step 
of self-assembly (Figure 2, Table 3). The long tails of Siphoviridae are composed of 
tail proteins (TPs) that form circular oligomeric rings with three- or sixfold rotational 
symmetry. The rings are assembled around a tape measure protein (TMP) that 
defines the length of the tail and are stacked on the top of each other with helical sym-
metry. A tail terminator protein (TrP) caps the tail when it reaches the length defined 
by the TMP; the TrP serves as an interface with the capsid. When the phage interacts 
with the host receptor, the HTI opens and the TMP is pushed out by DNA as a result 
of the inner pressure of the capsid. Most long tails have a smooth outer surface, but 
some have appendages that protrude outwards from the tail surface.

T5 phage. The T5 phage has a long tail (1600 Å) with a diameter of 90 Å. A 
crystal structure has been obtained for the TP pb6 of T5 (2.2 Å) [97]. The protein 
consists of two domains: an N-terminal domain with two subdomains both of 
which comprise a β-sandwich flanked by an α-helix and a long loop (Figure 6A) 
and a C-terminal domain with an immunoglobulin-like fold [98]. The overall tail 
structure has threefold symmetry (Figure 6B) [99, 100]. Cryo-EM was used to 

Figure 6. 
Bacteriophage tails. (A) The crystal structure of a monomer of T5 pb6 (5NGJ). The extra immunoglobulin 
domain is coloured yellow. (B) A slice of the combined EM map of T5 (EMD-3692) showing the fold symmetry 
of the tail. (C) The crystal structure of the N-terminal domain of the P22 TP gpV (2K4Q ). (D) Cryo-EM 
map of SPP1 tails (gp17.1). (E) Cryo-EM map of SPP1 tails (gp17.1*). The protrusions are the size of an 
immunoglobulin domain. (F) The T4 cryo-EM map (EMD-8767) with fitted coordinates (5W5F). Alternate 
subunits in the central ring are coloured red and blue. The red circle in B and rectangles in D, E and F indicate 
the inner tail tube, γ—rotation between adjacent tail rings.
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~100 Å [56]. The DNA appears to contact with the PP crown domain and then with 
the density corresponding to the tunnel loops located between the PP crown and 
stem domains. These tunnel loops in the narrowest part of the connector channel 
were found in the SPP1 phage PP and are believed that they play a role in DNA trans-
location [77, 94]. The φ29 DNA appears to be clamped at the top of the tail tube [56].

HSV-1 virus. Herpes simplex virus (HSV-1) has its DNA packaged into the capsid 
through a portal channel of the PP complex (pUL6) [95]. The structure of a dodeca-
meric HSV-1 PP has been determined by cryo-EM at 16 Å resolution from purified 
portals [34]. The structure showed a close resemblance to the SPP1 PP [83]. The PP 
is about the same size as the pentons that occupy the other fivefold vertices, which 
explains the difficulty in localising the portal density in images of HSV capsids 
unlike in phages, which have a tail. The PP, pUL6, was well defined in the A-capsid 
structure located at one fivefold vertex on the outer surface of the capsid as shown by 
cryo-ET [96]. There is also a strong density within the portal channel and inside of 
the capsid, which is interpreted as the end of DNA as seen in φ29 and SPP1 [56, 82].

4.4 Tails

The tail organisation in phages depends on their type: Siphoviridae have long 
flexible tails, and Podoviridae have very short tails that mostly consist of the adhesive 

Phage Tail proteins No. of 
residues

M. Mass 
kDa
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(Å)

Structure analysis

HK97 putative tail-
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IPR010064, gp10

not defined not known n/a None

Т5 pb6 464 50 2.2
6

X-ray [97]
EM [97]

λ gpV (TP)
gpH (TMP)

gpU (terminator)
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n/a
2.7

NMR [98, 102]
X-ray [103]

SPP1 gp17 (TP)
gp17* (TP)

gp18 (TMP)
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15
28
111
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14

NMR (gp17) [104]
EM [85]

TW1 gp12 (TP)
gp14 (TMP)
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675
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72

23 EM [55]

φ29 gp9 (knob)
gp12 (tailspike)

599
854

68
92

2.04
1.8–2.05

7.8

X-ray [105, 106]
EM [56]

T7 gp11 (TP)
gp12 (TP)

gp17 (fibres)

196
794
553

22
89
62

12.0
2.0 (X-ray)

EM (gp11,12,17) [87]
X-ray (gp17) [107]

P22 gp10 (hub)
gp9 (tailspike)

472
667

52
72

9.4
2.0

EM, tomography
[88, 91],

X-ray [108, 109]

ε15 gp20 (tailspike) 1070 116 20n/r EM [89, 110]

T4 gp19 (TP)
gp15 (terminator)

163
272

18
32

4.11
3.4

15.0
3.2

EM [111, 112]
X-ray [113]

HSV does not have the tail n/a n/a n/a n/a

Table 3. 
Phage tail structures.
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device, while Myoviridae have rigid long contractile tails that consist of a number 
of different proteins forming the inner rigid tube and the outer contractile sheath. 
Siphoviridae and Myoviridae have an independent pathway for assembly of their tails 
and are attached to the capsid after it has been packed with genome. However, in 
Podoviridae the tails are assembled on the capsids after DNA packaging as the last step 
of self-assembly (Figure 2, Table 3). The long tails of Siphoviridae are composed of 
tail proteins (TPs) that form circular oligomeric rings with three- or sixfold rotational 
symmetry. The rings are assembled around a tape measure protein (TMP) that 
defines the length of the tail and are stacked on the top of each other with helical sym-
metry. A tail terminator protein (TrP) caps the tail when it reaches the length defined 
by the TMP; the TrP serves as an interface with the capsid. When the phage interacts 
with the host receptor, the HTI opens and the TMP is pushed out by DNA as a result 
of the inner pressure of the capsid. Most long tails have a smooth outer surface, but 
some have appendages that protrude outwards from the tail surface.

T5 phage. The T5 phage has a long tail (1600 Å) with a diameter of 90 Å. A 
crystal structure has been obtained for the TP pb6 of T5 (2.2 Å) [97]. The protein 
consists of two domains: an N-terminal domain with two subdomains both of 
which comprise a β-sandwich flanked by an α-helix and a long loop (Figure 6A) 
and a C-terminal domain with an immunoglobulin-like fold [98]. The overall tail 
structure has threefold symmetry (Figure 6B) [99, 100]. Cryo-EM was used to 

Figure 6. 
Bacteriophage tails. (A) The crystal structure of a monomer of T5 pb6 (5NGJ). The extra immunoglobulin 
domain is coloured yellow. (B) A slice of the combined EM map of T5 (EMD-3692) showing the fold symmetry 
of the tail. (C) The crystal structure of the N-terminal domain of the P22 TP gpV (2K4Q ). (D) Cryo-EM 
map of SPP1 tails (gp17.1). (E) Cryo-EM map of SPP1 tails (gp17.1*). The protrusions are the size of an 
immunoglobulin domain. (F) The T4 cryo-EM map (EMD-8767) with fitted coordinates (5W5F). Alternate 
subunits in the central ring are coloured red and blue. The red circle in B and rectangles in D, E and F indicate 
the inner tail tube, γ—rotation between adjacent tail rings.
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determine the tail structure of T5 at ~6 Å resolution before and after DNA ejection 
[97] and the atomic model of pb6 used to interpret the results. No differences were 
found between the two structures, apart from the absence of the tape measure 
protein pb2 after DNA ejection [97].

λ phage. In the phage λ, the tail has sixfold symmetry and is composed of gpV 
(TP) and gpH (TMP) [101]. The N-terminal domain of gpV (gpVN) is required for 
assembly of the functional phage, and the structure was determined by solution 
NMR [102]. There are seven β-strands, arranged into two antiparallel sheets which 
fold into a twisted β-sandwich (Figure 6C). The single α-helix is located at the side 
of the sandwich. The C-terminus of gpV (gpVC) was shown by solution NMR to 
have an Ig-like fold [98].

SPP1 phage. The structures of the tails from the Siphoviridae SPP1 before and 
after DNA ejection were determined using negative stain EM at ~14.5 Å resolution 
[85]. This tail is ~1600 Å long and consists of three proteins gp17 and gp17* that 
form the tail tube and the TMP gp18. Even at low resolution, the structures revealed 
movements in the positions of inner domains gp17 and gp17* after DNA ejection 
[85]. The ratio of proteins gp17 and gp17* within the tail complex suggests that the 
tail has to have threefold symmetry. Reconstructions of mutants comprising either 
gp17 or gp17* were obtained and demonstrated sixfold symmetry. A comparison of 
structures indicated that protein gp17* has an immunoglobulin domain located on 
the outer surface of the tail (Figure 6D, E) (Orlova, Personal communication).

T4 phage. Myoviridae have contractile tails with a sheath that surrounds a central 
tail tube. On infection, the tail sheath contracts allowing the tail tube to penetrate 
the outer membrane of the host cell. The structure of the T4 phage (a representative 
of Myoviridae) tail is well studied. It consists of a rigid tube, composed of multiple 
copies of gp19, surrounded by contractile sheath from gp18 subunits [93]. A structure 
of the central tube at 3.4 Å has been obtained by cryo-EM and showed sixfold sym-
metry [112] with an axial rise for the helical unit of ~40 Å. This resolution revealed 
the strands of the β-sheets indicating that four strands from one subunit become part 
of a continuous helical β-sheet lining the inner channel of the tail (Figure 6F). The 
structure of the T4 contracted tail was obtained at 17 Å resolution, and the tail sheath 
protein gp18 was found to be arranged into 23 hexameric rings [93]. A crystal struc-
ture of a gp18 mutant missing the C-terminal domain [114] was used as the basis for 
identifying domains in gp18. A homology model based on other Myoviridae tail sheath 
structures [115] was used to localise the C-terminal domain [113].

4.5 Adsorption apparatus

Most Siphoviridae phages have an oligomeric ring formed by distal tail proteins 
(DTPs), which is attached to the last ring of the tail tube [116, 117]. The DTP ring 
usually serves as an apparatus to recognise and connect to receptor-binding pro-
teins; sometimes, this interaction is assisted by tail fibres found in T4, T5 and other 
phages. The DTP of SPP1 does not have the fibres [118]. Many phages that infect 
Gram-negative bacteria have lysozyme-like proteins on the ends of their tails, which 
enter the periplasm to digest the peptidoglycan barrier [119].

P22 phage. Podoviridae phage tails have a central needle with trimeric append-
ages (or spikes) around it, and the part of the tail attached to the capsid could be 
considered as the baseplate. The short tail of the podovirus P22 has been studied by 
cryo-EM of the entire virion [120, 121]. The structure of the P22 tail was obtained 
at 9.4 Å and aided understanding of its organisation [91]. The 2.8 MDa multisub-
unit complex is formed by the dodecameric PP gp1, 6 trimeric tailspikes of gp9, 
12 copies of the tail accessory protein gp4, a hexon of gp10 and a trimer of the tail 
needle gp26 (Figure 7A). The proteins gp4 and gp10 form a HTI on which the tail 
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assembles and are attached to the PP, while the N-terminal head-binding domain 
of the outer tailspikes (gp9) attaches to the interface of the gp4 and gp10 subunits. 
The second larger receptor-binding domain of gp9 contacts and destroys the cell 
surface lipopolysaccharide [121, 122]. Crystal structures have been obtained for 
both gp26 [123] and gp9 [108, 109], and these were fitted into the cryo-EM map to 
find how the different proteins hold the complex together. The tail needle gp26 is 
folded as triple-stranded coiled coil. The gp9 head-binding domain has a β-helical 
domain, and the receptor-binding domain is a triangular β-prism (Figure 7B) [91]. 
The asymmetric cryo-EM structure of P22 (7.8 Å) allowed a detailed analysis of the 
interactions between gp9 and the gp4–gp10 interface by fitting the gp9 and gp26 
crystal structures and models of gp1, gp4 and gp10 [92].

SPP1 phage. The Siphoviridae SPP1 phage has the long flexible tail. A nega-
tive stain reconstruction of the adsorption apparatus revealed a hinge connection 
between the tip and the tail tube, allowing bending angles as high as 50° [85]. The 
gp24 protein keeps the tail closed before DNA ejection by forming a cap and is 
located between the tail and the tip. The first protein in the tip after the cap is gp21, 

Figure 7. 
Adsorption apparatus. (A) The EM map (EMD-5051) of P22 coloured according to the constituent proteins. 
The PP (gp1), the gp4 12-mer, the gp10 6-mer, the gp9 tailspikes and the gp26 cell-puncturing needle are in 
purple, green, red, blue and brown, respectively. (B) The crystal structures for the N-terminal head-binding 
domain (1LKT) and the C-terminal receptor-binding domain (1TYU) of P22 gp9 docked into the cryo-EM 
density (EMDB-5051). (C) The receptor-binding carboxy-terminal domain of T5 tail fibre pb1 (5AQ5). The 
five different domain regions are labelled. The N- and C-termini are indicated. (D) The EM map (EMD- 
8868) of the TW1 tail showing the TP gp12 (in blue), gp15 (in green), gp16, gp18, gp27 (together in light 
brown) and the gp19 tailspikes (in purple). (E) The φ29 tailspike protein gp12 (3SUC). The four domains 
D1*, D2, D3 and D4 are labelled. (F) The crystal structure (1 K28) of the cell-puncturing device of T4 
(gp27 ± gp5* ± gp5C)3. Each monomer within in the gp5 trimer is coloured in blue, green and orange, and each 
one in gp27 is coloured in magenta, red and cyan.
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determine the tail structure of T5 at ~6 Å resolution before and after DNA ejection 
[97] and the atomic model of pb6 used to interpret the results. No differences were 
found between the two structures, apart from the absence of the tape measure 
protein pb2 after DNA ejection [97].

λ phage. In the phage λ, the tail has sixfold symmetry and is composed of gpV 
(TP) and gpH (TMP) [101]. The N-terminal domain of gpV (gpVN) is required for 
assembly of the functional phage, and the structure was determined by solution 
NMR [102]. There are seven β-strands, arranged into two antiparallel sheets which 
fold into a twisted β-sandwich (Figure 6C). The single α-helix is located at the side 
of the sandwich. The C-terminus of gpV (gpVC) was shown by solution NMR to 
have an Ig-like fold [98].

SPP1 phage. The structures of the tails from the Siphoviridae SPP1 before and 
after DNA ejection were determined using negative stain EM at ~14.5 Å resolution 
[85]. This tail is ~1600 Å long and consists of three proteins gp17 and gp17* that 
form the tail tube and the TMP gp18. Even at low resolution, the structures revealed 
movements in the positions of inner domains gp17 and gp17* after DNA ejection 
[85]. The ratio of proteins gp17 and gp17* within the tail complex suggests that the 
tail has to have threefold symmetry. Reconstructions of mutants comprising either 
gp17 or gp17* were obtained and demonstrated sixfold symmetry. A comparison of 
structures indicated that protein gp17* has an immunoglobulin domain located on 
the outer surface of the tail (Figure 6D, E) (Orlova, Personal communication).

T4 phage. Myoviridae have contractile tails with a sheath that surrounds a central 
tail tube. On infection, the tail sheath contracts allowing the tail tube to penetrate 
the outer membrane of the host cell. The structure of the T4 phage (a representative 
of Myoviridae) tail is well studied. It consists of a rigid tube, composed of multiple 
copies of gp19, surrounded by contractile sheath from gp18 subunits [93]. A structure 
of the central tube at 3.4 Å has been obtained by cryo-EM and showed sixfold sym-
metry [112] with an axial rise for the helical unit of ~40 Å. This resolution revealed 
the strands of the β-sheets indicating that four strands from one subunit become part 
of a continuous helical β-sheet lining the inner channel of the tail (Figure 6F). The 
structure of the T4 contracted tail was obtained at 17 Å resolution, and the tail sheath 
protein gp18 was found to be arranged into 23 hexameric rings [93]. A crystal struc-
ture of a gp18 mutant missing the C-terminal domain [114] was used as the basis for 
identifying domains in gp18. A homology model based on other Myoviridae tail sheath 
structures [115] was used to localise the C-terminal domain [113].

4.5 Adsorption apparatus

Most Siphoviridae phages have an oligomeric ring formed by distal tail proteins 
(DTPs), which is attached to the last ring of the tail tube [116, 117]. The DTP ring 
usually serves as an apparatus to recognise and connect to receptor-binding pro-
teins; sometimes, this interaction is assisted by tail fibres found in T4, T5 and other 
phages. The DTP of SPP1 does not have the fibres [118]. Many phages that infect 
Gram-negative bacteria have lysozyme-like proteins on the ends of their tails, which 
enter the periplasm to digest the peptidoglycan barrier [119].

P22 phage. Podoviridae phage tails have a central needle with trimeric append-
ages (or spikes) around it, and the part of the tail attached to the capsid could be 
considered as the baseplate. The short tail of the podovirus P22 has been studied by 
cryo-EM of the entire virion [120, 121]. The structure of the P22 tail was obtained 
at 9.4 Å and aided understanding of its organisation [91]. The 2.8 MDa multisub-
unit complex is formed by the dodecameric PP gp1, 6 trimeric tailspikes of gp9, 
12 copies of the tail accessory protein gp4, a hexon of gp10 and a trimer of the tail 
needle gp26 (Figure 7A). The proteins gp4 and gp10 form a HTI on which the tail 
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assembles and are attached to the PP, while the N-terminal head-binding domain 
of the outer tailspikes (gp9) attaches to the interface of the gp4 and gp10 subunits. 
The second larger receptor-binding domain of gp9 contacts and destroys the cell 
surface lipopolysaccharide [121, 122]. Crystal structures have been obtained for 
both gp26 [123] and gp9 [108, 109], and these were fitted into the cryo-EM map to 
find how the different proteins hold the complex together. The tail needle gp26 is 
folded as triple-stranded coiled coil. The gp9 head-binding domain has a β-helical 
domain, and the receptor-binding domain is a triangular β-prism (Figure 7B) [91]. 
The asymmetric cryo-EM structure of P22 (7.8 Å) allowed a detailed analysis of the 
interactions between gp9 and the gp4–gp10 interface by fitting the gp9 and gp26 
crystal structures and models of gp1, gp4 and gp10 [92].

SPP1 phage. The Siphoviridae SPP1 phage has the long flexible tail. A nega-
tive stain reconstruction of the adsorption apparatus revealed a hinge connection 
between the tip and the tail tube, allowing bending angles as high as 50° [85]. The 
gp24 protein keeps the tail closed before DNA ejection by forming a cap and is 
located between the tail and the tip. The first protein in the tip after the cap is gp21, 

Figure 7. 
Adsorption apparatus. (A) The EM map (EMD-5051) of P22 coloured according to the constituent proteins. 
The PP (gp1), the gp4 12-mer, the gp10 6-mer, the gp9 tailspikes and the gp26 cell-puncturing needle are in 
purple, green, red, blue and brown, respectively. (B) The crystal structures for the N-terminal head-binding 
domain (1LKT) and the C-terminal receptor-binding domain (1TYU) of P22 gp9 docked into the cryo-EM 
density (EMDB-5051). (C) The receptor-binding carboxy-terminal domain of T5 tail fibre pb1 (5AQ5). The 
five different domain regions are labelled. The N- and C-termini are indicated. (D) The EM map (EMD- 
8868) of the TW1 tail showing the TP gp12 (in blue), gp15 (in green), gp16, gp18, gp27 (together in light 
brown) and the gp19 tailspikes (in purple). (E) The φ29 tailspike protein gp12 (3SUC). The four domains 
D1*, D2, D3 and D4 are labelled. (F) The crystal structure (1 K28) of the cell-puncturing device of T4 
(gp27 ± gp5* ± gp5C)3. Each monomer within in the gp5 trimer is coloured in blue, green and orange, and each 
one in gp27 is coloured in magenta, red and cyan.
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and a structural similarity has suggested that SPP1 gp21 has a fold like the P22 tail-
spike [85]. When the P22 tailspike is fitted to the SPP1 density, the main domain of 
the P22 tailspike [124] occupies ~70% of the broad flattened area. The most remote 
protein in the tip is gp19.1, and the predicted secondary structure was structurally 
similar to the head-binding domain of the P22 tailspike [124]; and fitting three cop-
ies of the P22 trimer accounted for all the density in that region. During infection 
the tip is lost so DNA can pass into the cell and the cap remains in an open state.

T5 phage. The crystal structure of the T5 DTP pb9 has shown that it has two 
domains. The A-domain has a barrel-like fold with structural similarity to the 
N-domains of other phage DTPs [118, 125, 126]. In spite of low sequence identity, 
these proteins form a hexameric ring that occupies the central core of the baseplate. 
The peripheral B-domain has an oligosaccharide-/oligonucleotide-binding (OB) 
fold [127]. The attachment of phage T5 to the host cell is assisted by three side tail 
fibres attached to the distal end of the tail [107, 127, 128], and they are homo-trimers 
of the pb1 (1396 aa). The trimeric structure of the receptor-binding carboxy-
terminal domain 970–1263(aa) was determined at 2.3 Å using X-ray crystallography 
[107] and could be divided into five different regions (Figure 7C) based on the 
structure of the P22 spike [124]. The N-terminal region (989-1009 aa) is shaped 
by the β-strands of the three monomers that wrap around each other to form a 
threefold beta-helix [124, 129]. The first “interdigitated” region (ir1) is followed by 
a triangular domain (1010–1129 aa) where three concave β sheets form a β-prism 
(td1). The second interdigitated region ir2 (1130–1160 aa) also forms a short triple 
beta-helix. A second triangular domain td2 (1161–1238 aa) is a β-prism like td1. At 
the distal end of the fibre, the third interdigitated region (aa1239–1263), ir3, forms a 
tapered triple-helical structure making the end of the structure pointed (Figure 7C).  
There is some similarity in the structure with the P22 tailspike [124] as both have 
a β-helical domain, an ir region, a triangular beta-prism domain and a second ir 
domain (called caudal fin). The triangular β-prism of P22 is the most similar to td2 
of pb1 and has the same topology.

TW1 phage. TW1 has an unusual tail organisation for a siphophage, as a cryo-
EM reconstruction of the tail (23.5 Å) [55] revealed six spikes on the distal end from 
the head. They are attached to the central tail tube, similar to the spikes seen in 
podophages P22 and Sf6 [120, 130] (Figure 7D). The TW1 gp19 tailspike (TS) pro-
tein is homologous to the TS protein of the podophage HK620 [131] so the crystal 
structure of the HK620 TS protein was fitted into the TW1 appendages. The TW1 
gp19 TSs are thought to be attached to the phage via the DTP gp15 protein. However, 
the size of TW1 gp15 and the EM density suggest that this protein does not have a 
peripheral OB-fold domain as seen in the DTP of phage T5 [127]. Below gp15 are 
gp16 and gp18, which form the central tip of the phage tail (Figure 7D) and are 
similar to phage λ proteins gpL and gpJ, respectively [132]. At the tip of the tail is 
gp27 (Figure 7D) which is homologous to peptidoglycan-degrading enzymes. Many 
phages that infect Gram-negative bacteria have lysozyme-like proteins in their tails 
which enter the periplasm to digest the peptidoglycan barrier [119].

φ29 phage. The tail of φ29 has 12 appendages, which are similar to the tailspikes 
of phage P22 and are attached to the bulge of densities close to the capsid [133]. 
Each appendage is a trimer of gp12* (the cleavage product of gp12 which during 
maturation loses an 18 kDa C-terminal fragment). Although there is no sequence 
similarity with the P22 tailspike, the P22 tailspike domain structure gave a good 
fit into the peripheral component of the φ29 appendages [65, 124]. A construct of 
gp12 residues 89–854 was cleaved in vivo to give an N-terminal fragment (up to 
Ser691) and a C-terminal fragment (from Asp692) and crystal structures obtained 
for each [105]. They are both trimers, and the N-terminal part attaches to the 
virion and has three domains: D1* is a coiled coil, D2 is mostly a β-helix and D3 
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is also a β-helix (Figure 7E). The C-terminal domain D4 acts as a chaperone for 
trimer assembly and is cleaved by autocatalysis. The φ29 structure attached to the 
lipid bilayer has been obtained by cryo-ET (34 Å) [134]. The structure is compa-
rable to cryo-EM structures of mature φ29 [56, 133, 135]. Tomographic reconstruc-
tions demonstrated the different stages of infection [134]. In the adsorption stage, 
the phage is tilted to the cell wall, and both the appendages and the tail seem to 
contact the cell surface. The tail tip protein helps the phage penetrate the cell wall. 
When it contacts the cytoplasmic membrane, a pore is created which allows the 
genome to be injected into the cell.

T4 phage. The structure of the baseplate in Myoviridae is complex as illustrated 
by the T4 phage. The sixfold symmetric baseplate is 270 Å long and about 520 Å 
in diameter at the base and is connected to the distal end of the tail [136, 137]. It is 
composed at least by 16 different proteins [137]. A star-shaped baseplate is formed 
by sequential binding of four different proteins to form a wedge shape [137]. Six 
wedges are arranged around the independently assembled hub. Finally, other 
proteins are added to form the complete baseplate. Once gp48 and gp54 have bound 
to the top of the central hub, polymerisation of the tail tube is initiated, and after 
gp25 has attached to them, then polymerisation of the sheath is initiated [138]. 
Crystal structures of these constituent proteins were fitted into EM structure, and 
this showed the location of the proteins [137]. Six long fibres and six short fibres 
are attached to the baseplate. The long fibres reversibly interact with the cell surface 
receptors [139]. After recognition, the baseplate comes closer to the cell surface 
allowing the six short tail fibres to bind irreversibly to the cell outer membrane. 
This process is accompanied by a large conformational change in the baseplate from 
a “high-energy” to a “low-energy” structure [93, 140]. This induces contraction of 
the tail sheath and allows the inner tail tube to pierce the outer host cell membrane 
and penetrate the inner membrane so that the genome is transferred directly to the 
host’s cytoplasm.

The structure of the T4 baseplate was assembled in vitro from gp10, gp7, gp8, 
gp6 and gp53, and the crystal structure was determined (4.2 Å) [141]. This indicated 
interesting differences compared to the structures when they are separately crystal-
lised. However, about two-thirds of the structure was missing, but a cryo-EM structure 
of the same construct (3.8 Å) provided the positions of these missing parts [142]. The 
structures of T4 baseplate in its pre- and post-host attachment states were determined 
at 4.11 and 6.77 Å, respectively, by cryo-EM [111]. By combining high-resolution 
structures of the individual baseplate proteins, the authors were able to build a pseudo-
atomic model for the baseplate proteins. The crystal structure at 2.9 Å of the gp5–gp27 
cell-puncturing device was fitted into the EM structure (Figure 7F) [143]. Positions of 
gp27, gp5C (the C-terminal β-helix domain of gp5) and gp5* (the N-terminal OB-fold 
domain and the lysozyme middle domain) were identified. A monomeric protein gp5.4 
caps the tip of the gp5 β-helix to sharpen the central spike [144]. During infection 
this spike punctures the cell membrane, and the lysozyme domain of gp5 digests the 
peptidoglycan in the E. coli periplasm.

ε15 phage. A 20 Å cryo-EM map of ε15 showed six gp20 tailspikes extending out 
from one of the fivefold capsid vertices. Each tailspike is composed of two domains 
[89] and has slightly different orientations with respect to the capsid. Cryo-ET has 
been used to show the interaction of ε15 phage with the cell and to visualise the 
process of how ε15 infects its host Salmonella anatum [110]. Initially, the tailspikes 
attach to the host cell followed by the tail hub attaching to a putative cell recep-
tor. A bowl-shaped density was observed beneath the tail hub at the beginning of 
infection. It was proposed that phage indents the host outer membrane looking 
for a secondary receptor or for puncturing the membrane. A tunnel is established 
through the cell wall which allows the DNA to enter the cell.
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and a structural similarity has suggested that SPP1 gp21 has a fold like the P22 tail-
spike [85]. When the P22 tailspike is fitted to the SPP1 density, the main domain of 
the P22 tailspike [124] occupies ~70% of the broad flattened area. The most remote 
protein in the tip is gp19.1, and the predicted secondary structure was structurally 
similar to the head-binding domain of the P22 tailspike [124]; and fitting three cop-
ies of the P22 trimer accounted for all the density in that region. During infection 
the tip is lost so DNA can pass into the cell and the cap remains in an open state.

T5 phage. The crystal structure of the T5 DTP pb9 has shown that it has two 
domains. The A-domain has a barrel-like fold with structural similarity to the 
N-domains of other phage DTPs [118, 125, 126]. In spite of low sequence identity, 
these proteins form a hexameric ring that occupies the central core of the baseplate. 
The peripheral B-domain has an oligosaccharide-/oligonucleotide-binding (OB) 
fold [127]. The attachment of phage T5 to the host cell is assisted by three side tail 
fibres attached to the distal end of the tail [107, 127, 128], and they are homo-trimers 
of the pb1 (1396 aa). The trimeric structure of the receptor-binding carboxy-
terminal domain 970–1263(aa) was determined at 2.3 Å using X-ray crystallography 
[107] and could be divided into five different regions (Figure 7C) based on the 
structure of the P22 spike [124]. The N-terminal region (989-1009 aa) is shaped 
by the β-strands of the three monomers that wrap around each other to form a 
threefold beta-helix [124, 129]. The first “interdigitated” region (ir1) is followed by 
a triangular domain (1010–1129 aa) where three concave β sheets form a β-prism 
(td1). The second interdigitated region ir2 (1130–1160 aa) also forms a short triple 
beta-helix. A second triangular domain td2 (1161–1238 aa) is a β-prism like td1. At 
the distal end of the fibre, the third interdigitated region (aa1239–1263), ir3, forms a 
tapered triple-helical structure making the end of the structure pointed (Figure 7C).  
There is some similarity in the structure with the P22 tailspike [124] as both have 
a β-helical domain, an ir region, a triangular beta-prism domain and a second ir 
domain (called caudal fin). The triangular β-prism of P22 is the most similar to td2 
of pb1 and has the same topology.

TW1 phage. TW1 has an unusual tail organisation for a siphophage, as a cryo-
EM reconstruction of the tail (23.5 Å) [55] revealed six spikes on the distal end from 
the head. They are attached to the central tail tube, similar to the spikes seen in 
podophages P22 and Sf6 [120, 130] (Figure 7D). The TW1 gp19 tailspike (TS) pro-
tein is homologous to the TS protein of the podophage HK620 [131] so the crystal 
structure of the HK620 TS protein was fitted into the TW1 appendages. The TW1 
gp19 TSs are thought to be attached to the phage via the DTP gp15 protein. However, 
the size of TW1 gp15 and the EM density suggest that this protein does not have a 
peripheral OB-fold domain as seen in the DTP of phage T5 [127]. Below gp15 are 
gp16 and gp18, which form the central tip of the phage tail (Figure 7D) and are 
similar to phage λ proteins gpL and gpJ, respectively [132]. At the tip of the tail is 
gp27 (Figure 7D) which is homologous to peptidoglycan-degrading enzymes. Many 
phages that infect Gram-negative bacteria have lysozyme-like proteins in their tails 
which enter the periplasm to digest the peptidoglycan barrier [119].

φ29 phage. The tail of φ29 has 12 appendages, which are similar to the tailspikes 
of phage P22 and are attached to the bulge of densities close to the capsid [133]. 
Each appendage is a trimer of gp12* (the cleavage product of gp12 which during 
maturation loses an 18 kDa C-terminal fragment). Although there is no sequence 
similarity with the P22 tailspike, the P22 tailspike domain structure gave a good 
fit into the peripheral component of the φ29 appendages [65, 124]. A construct of 
gp12 residues 89–854 was cleaved in vivo to give an N-terminal fragment (up to 
Ser691) and a C-terminal fragment (from Asp692) and crystal structures obtained 
for each [105]. They are both trimers, and the N-terminal part attaches to the 
virion and has three domains: D1* is a coiled coil, D2 is mostly a β-helix and D3 
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is also a β-helix (Figure 7E). The C-terminal domain D4 acts as a chaperone for 
trimer assembly and is cleaved by autocatalysis. The φ29 structure attached to the 
lipid bilayer has been obtained by cryo-ET (34 Å) [134]. The structure is compa-
rable to cryo-EM structures of mature φ29 [56, 133, 135]. Tomographic reconstruc-
tions demonstrated the different stages of infection [134]. In the adsorption stage, 
the phage is tilted to the cell wall, and both the appendages and the tail seem to 
contact the cell surface. The tail tip protein helps the phage penetrate the cell wall. 
When it contacts the cytoplasmic membrane, a pore is created which allows the 
genome to be injected into the cell.

T4 phage. The structure of the baseplate in Myoviridae is complex as illustrated 
by the T4 phage. The sixfold symmetric baseplate is 270 Å long and about 520 Å 
in diameter at the base and is connected to the distal end of the tail [136, 137]. It is 
composed at least by 16 different proteins [137]. A star-shaped baseplate is formed 
by sequential binding of four different proteins to form a wedge shape [137]. Six 
wedges are arranged around the independently assembled hub. Finally, other 
proteins are added to form the complete baseplate. Once gp48 and gp54 have bound 
to the top of the central hub, polymerisation of the tail tube is initiated, and after 
gp25 has attached to them, then polymerisation of the sheath is initiated [138]. 
Crystal structures of these constituent proteins were fitted into EM structure, and 
this showed the location of the proteins [137]. Six long fibres and six short fibres 
are attached to the baseplate. The long fibres reversibly interact with the cell surface 
receptors [139]. After recognition, the baseplate comes closer to the cell surface 
allowing the six short tail fibres to bind irreversibly to the cell outer membrane. 
This process is accompanied by a large conformational change in the baseplate from 
a “high-energy” to a “low-energy” structure [93, 140]. This induces contraction of 
the tail sheath and allows the inner tail tube to pierce the outer host cell membrane 
and penetrate the inner membrane so that the genome is transferred directly to the 
host’s cytoplasm.

The structure of the T4 baseplate was assembled in vitro from gp10, gp7, gp8, 
gp6 and gp53, and the crystal structure was determined (4.2 Å) [141]. This indicated 
interesting differences compared to the structures when they are separately crystal-
lised. However, about two-thirds of the structure was missing, but a cryo-EM structure 
of the same construct (3.8 Å) provided the positions of these missing parts [142]. The 
structures of T4 baseplate in its pre- and post-host attachment states were determined 
at 4.11 and 6.77 Å, respectively, by cryo-EM [111]. By combining high-resolution 
structures of the individual baseplate proteins, the authors were able to build a pseudo-
atomic model for the baseplate proteins. The crystal structure at 2.9 Å of the gp5–gp27 
cell-puncturing device was fitted into the EM structure (Figure 7F) [143]. Positions of 
gp27, gp5C (the C-terminal β-helix domain of gp5) and gp5* (the N-terminal OB-fold 
domain and the lysozyme middle domain) were identified. A monomeric protein gp5.4 
caps the tip of the gp5 β-helix to sharpen the central spike [144]. During infection 
this spike punctures the cell membrane, and the lysozyme domain of gp5 digests the 
peptidoglycan in the E. coli periplasm.

ε15 phage. A 20 Å cryo-EM map of ε15 showed six gp20 tailspikes extending out 
from one of the fivefold capsid vertices. Each tailspike is composed of two domains 
[89] and has slightly different orientations with respect to the capsid. Cryo-ET has 
been used to show the interaction of ε15 phage with the cell and to visualise the 
process of how ε15 infects its host Salmonella anatum [110]. Initially, the tailspikes 
attach to the host cell followed by the tail hub attaching to a putative cell recep-
tor. A bowl-shaped density was observed beneath the tail hub at the beginning of 
infection. It was proposed that phage indents the host outer membrane looking 
for a secondary receptor or for puncturing the membrane. A tunnel is established 
through the cell wall which allows the DNA to enter the cell.
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5. Conclusions

Structural studies of the currently known tailed phages have shown a com-
mon organisation, which implies that they have a single ancestor and diversity has 
arisen through evolution [37]. All phages have a similar pathway of self-assembly: 
a procapsid formed with the help of a SP (or sometimes a scaffolding domain); 
conformational changes induced by release of the SP create a space for the DNA, 
and assisted by DNA terminases, the genome is packaged into the procapsid. This 
step is typically named as the maturation of the capsid. The tail is then attached or 
assembled on the capsid to form the infectious virion. The MCPs are characterised 
by the HK97 capsid protein fold. However, phages have a very low sequence similar-
ity, which leads to differences in how the capsid stability is arranged to withstand 
the high inner pressure of the genome. In some phages like HK97 and SPP1, the 
interactions between capsid proteins are strong and hold the capsid intact. In 
many phages the process of capsid maturation is linked to attachment of additional 
proteins that are named as auxiliary or decoration proteins. They are often essential 
to enhance the capsid stability. The HK97 capsid is held together by chain mail 
covalent links between the MCPs; in SPP1 and T5, the decoration proteins enhance 
stability of the capsid, but in λ, T4 and ε15 phages, these proteins are essential for 
keeping DNA inside the capsid [19, 52, 53].

The HTIs play an important role in all tailed phages as they provide a chan-
nel for DNA to enter and exit the capsid and at the same time provide a covalent 
connection to either the preassembled tails or tails assembled on the capsid. They 
all contain a dodecameric PP positioned within the capsid at one of the fivefold 
vertices and that acts as a gatekeeper holding the DNA within the capsid even in 
very harsh environments. Like the capsid proteins, the PPs have a common fold 
with the conserved elements being involved in interactions with DNA [145]. They 
have mostly α-helical domains in their central part and β-layers in the wing domains 
that interact with the capsid to fix the PP position. Head completion proteins below 
the PP also have similar folds to each other.

A much higher level of divergence is reflected in phage tail structures. The most 
common feature in all long-tailed phages is a central tube with a large number 
(30–40) of three- or sixfold circular rings of the major TPs. There is structural 
similarity between these major TPs: they have a similar fold of a β-sandwich flanked 
by alpha-helices and loops that provide links between adjacent rings. The helical 
tails have a typical rise of about 40 Å and rotation of around 20° between adjacent 
rings. Some tails also have appendages, which appear to have an immunoglobulin-
like fold. Very little is known about the organisation of tail sheaths that have some 
similarities with type VI secretion systems, but sometimes they have extra append-
ages like immunoglobulin domains to help phages recognise their host cells. There 
is also some structural similarity of the TP with the tail terminator proteins and 
proteins in the T4 sheath.

Even higher diversity is found in the adsorption apparatus which are responsible 
for the recognition of the host cells and signalling the opening of the gate for the 
genome release. The tip of phage SPP1 recognises its receptor; induces the tail to be 
attached to the outer membrane of the host cell after disconnection of the tip. At 
the same time this interaction generates a signal that open the PP gate keeper. The 
T4 phage has a significantly more complex system of a baseplate which undergoes 
several steps of complex conformational changes.

Interestingly, the receptor-binding proteins also a have similar organisation: they are 
all trimers, usually intertwined with β-helical regions, and use their N-terminal domain 
to bind to the phage. Spikes and fibres are also found in many phages. However,  
the number of spikes or fibres varies significantly between phages. Podophages have 
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trimeric tailspikes to recognise the specific host cell for infection. Like other phage 
components, they vary from six fibres in phage T7 to 12 in phage φ29, but they all 
have a β-helical fold. The fibres can have different roles within a phage, for instance, 
T4 has six long fibres that serve as host recognition and six short fibres which then 
extend and bind to the cell.

Antibiotics (especially of the broad-spectrum type) are very effective at killing 
infectious bacteria; however, they kill typically multiple bacterial species indiscrim-
inately, thus destroying beneficial bacteria of the host microbiome as well. Since 
phages are specific to one species of bacteria, they are unlikely to perturb micro-
biome bacterial species. Current problems with antibiotic resistance require new 
approaches, and here phages can be used [12]. For medicinal purposes it is neces-
sary to design a phage that will recognise the specific bacteria we want to eliminate 
[146]. Phages can be modified for high specificity in the recognition of pathogens. 
The high level of phage specificity is based on recognition of receptor characteristic 
for a given type of bacteria which is where the differences in the adsorption systems 
of different phages play a crucial role. The important task in studying phages is 
to find those that are able to kill only antibiotic-resistant bacteria. Here, the lytic 
phages are of most interest, since rather than stopping bacteria from producing a 
certain type of protein that will slow down the bacterium proliferation, like in the 
case of antibiotics, these phages destroy the bacteria’s cell wall and cell membrane 
completely. In addition, many bacteria develop biofilm—a thick layer of viscous 
materials that protect them from antibiotics. Some phages are equipped with tools 
that can digest this biofilm [147]. There are some problems with phages, since they 
are easy to use for topical applications, but often specific medications have to be 
administered internally. For phages to be used for delivery of drugs, they need to 
be more precise in their action. Consequently, we need to modify them so that the 
infectivity will be efficient by replacing the genome with DNA encoding specific 
enzymes and the adsorption apparatus made more effective. To develop these 
medical approaches, we need to know the phage organisation and the interactions 
between protein components at the atomic level. To achieve this hybrid, methods 
should be used including structural biology, biochemistry and microbiology [21].
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5. Conclusions

Structural studies of the currently known tailed phages have shown a com-
mon organisation, which implies that they have a single ancestor and diversity has 
arisen through evolution [37]. All phages have a similar pathway of self-assembly: 
a procapsid formed with the help of a SP (or sometimes a scaffolding domain); 
conformational changes induced by release of the SP create a space for the DNA, 
and assisted by DNA terminases, the genome is packaged into the procapsid. This 
step is typically named as the maturation of the capsid. The tail is then attached or 
assembled on the capsid to form the infectious virion. The MCPs are characterised 
by the HK97 capsid protein fold. However, phages have a very low sequence similar-
ity, which leads to differences in how the capsid stability is arranged to withstand 
the high inner pressure of the genome. In some phages like HK97 and SPP1, the 
interactions between capsid proteins are strong and hold the capsid intact. In 
many phages the process of capsid maturation is linked to attachment of additional 
proteins that are named as auxiliary or decoration proteins. They are often essential 
to enhance the capsid stability. The HK97 capsid is held together by chain mail 
covalent links between the MCPs; in SPP1 and T5, the decoration proteins enhance 
stability of the capsid, but in λ, T4 and ε15 phages, these proteins are essential for 
keeping DNA inside the capsid [19, 52, 53].

The HTIs play an important role in all tailed phages as they provide a chan-
nel for DNA to enter and exit the capsid and at the same time provide a covalent 
connection to either the preassembled tails or tails assembled on the capsid. They 
all contain a dodecameric PP positioned within the capsid at one of the fivefold 
vertices and that acts as a gatekeeper holding the DNA within the capsid even in 
very harsh environments. Like the capsid proteins, the PPs have a common fold 
with the conserved elements being involved in interactions with DNA [145]. They 
have mostly α-helical domains in their central part and β-layers in the wing domains 
that interact with the capsid to fix the PP position. Head completion proteins below 
the PP also have similar folds to each other.

A much higher level of divergence is reflected in phage tail structures. The most 
common feature in all long-tailed phages is a central tube with a large number 
(30–40) of three- or sixfold circular rings of the major TPs. There is structural 
similarity between these major TPs: they have a similar fold of a β-sandwich flanked 
by alpha-helices and loops that provide links between adjacent rings. The helical 
tails have a typical rise of about 40 Å and rotation of around 20° between adjacent 
rings. Some tails also have appendages, which appear to have an immunoglobulin-
like fold. Very little is known about the organisation of tail sheaths that have some 
similarities with type VI secretion systems, but sometimes they have extra append-
ages like immunoglobulin domains to help phages recognise their host cells. There 
is also some structural similarity of the TP with the tail terminator proteins and 
proteins in the T4 sheath.

Even higher diversity is found in the adsorption apparatus which are responsible 
for the recognition of the host cells and signalling the opening of the gate for the 
genome release. The tip of phage SPP1 recognises its receptor; induces the tail to be 
attached to the outer membrane of the host cell after disconnection of the tip. At 
the same time this interaction generates a signal that open the PP gate keeper. The 
T4 phage has a significantly more complex system of a baseplate which undergoes 
several steps of complex conformational changes.

Interestingly, the receptor-binding proteins also a have similar organisation: they are 
all trimers, usually intertwined with β-helical regions, and use their N-terminal domain 
to bind to the phage. Spikes and fibres are also found in many phages. However,  
the number of spikes or fibres varies significantly between phages. Podophages have 
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trimeric tailspikes to recognise the specific host cell for infection. Like other phage 
components, they vary from six fibres in phage T7 to 12 in phage φ29, but they all 
have a β-helical fold. The fibres can have different roles within a phage, for instance, 
T4 has six long fibres that serve as host recognition and six short fibres which then 
extend and bind to the cell.

Antibiotics (especially of the broad-spectrum type) are very effective at killing 
infectious bacteria; however, they kill typically multiple bacterial species indiscrim-
inately, thus destroying beneficial bacteria of the host microbiome as well. Since 
phages are specific to one species of bacteria, they are unlikely to perturb micro-
biome bacterial species. Current problems with antibiotic resistance require new 
approaches, and here phages can be used [12]. For medicinal purposes it is neces-
sary to design a phage that will recognise the specific bacteria we want to eliminate 
[146]. Phages can be modified for high specificity in the recognition of pathogens. 
The high level of phage specificity is based on recognition of receptor characteristic 
for a given type of bacteria which is where the differences in the adsorption systems 
of different phages play a crucial role. The important task in studying phages is 
to find those that are able to kill only antibiotic-resistant bacteria. Here, the lytic 
phages are of most interest, since rather than stopping bacteria from producing a 
certain type of protein that will slow down the bacterium proliferation, like in the 
case of antibiotics, these phages destroy the bacteria’s cell wall and cell membrane 
completely. In addition, many bacteria develop biofilm—a thick layer of viscous 
materials that protect them from antibiotics. Some phages are equipped with tools 
that can digest this biofilm [147]. There are some problems with phages, since they 
are easy to use for topical applications, but often specific medications have to be 
administered internally. For phages to be used for delivery of drugs, they need to 
be more precise in their action. Consequently, we need to modify them so that the 
infectivity will be efficient by replacing the genome with DNA encoding specific 
enzymes and the adsorption apparatus made more effective. To develop these 
medical approaches, we need to know the phage organisation and the interactions 
between protein components at the atomic level. To achieve this hybrid, methods 
should be used including structural biology, biochemistry and microbiology [21].
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Chapter 3

Biotechnology Tools Derived from 
the Bacteriophage/Bacteria Arms 
Race
Vitor B. Pinheiro

Abstract

The long association and intense competition between bacteria and their viruses 
have created a fertile ground for evolution to develop numerous tools for DNA 
modification, assembly and degradation. Many of these tools underpin the past 
50 years of molecular biology, and others show great potential in shaping the next 
50 years of the field. Here, I present some of the tools that have come out of the 
bacteria-bacteriophage arms race and discuss some of the concepts that may shape 
their future use. Molecular biology remains a fast-growing area increasingly limited 
solely by researcher ingenuity.

Keywords: molecular biology tools, orthogonality, DNA modifications

1. Introduction

The relationship between bacteriophages and bacteria is often explained in terms 
of an arms race: each ‘developing’ measures and countermeasures for attacking and 
defending itself from the other [1, 2]. The imagery of an arms race is a powerful 
metaphor to summarise the relationship between possibility and availability that 
have constrained the emergence, evolution and diversification of life on Earth.

Life is limited by what is possible. For instance, life can only exist because 
chemical information storage is possible. On the other hand, life as we know it has 
evolved around DNA and RNA because they are informational molecules that could 
function in the environment of the early Earth and whose building blocks were 
readily available.

The relationship between bacteria and bacteriophages is similarly constrained. 
The emergence (or availability) of bacterial cells capable of establishing a rich 
internal environment (compared to the outside of the cell) creates the possibility 
for other organisms to evolve predatory or parasitic survival strategies, including 
bacteriophages. Once phages emerge, they alter the dynamics of the ecological 
niche and create an advantage to bacterial hosts that can reduce the success of phage 
infection—whether by hindering phage access to the cell cytoplasm, by interfering 
with phage survival or replication in the cell or by interfering with phage matura-
tion and release [3].

Bacterial defences arise from any function already available in the 
host (e.g. uracil-DNA glycosylase involved in DNA repair) or that can be 
 co-opted from available genetic resources in the cell or in the environment 
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Chapter 3

Biotechnology Tools Derived from 
the Bacteriophage/Bacteria Arms 
Race
Vitor B. Pinheiro

Abstract

The long association and intense competition between bacteria and their viruses 
have created a fertile ground for evolution to develop numerous tools for DNA 
modification, assembly and degradation. Many of these tools underpin the past 
50 years of molecular biology, and others show great potential in shaping the next 
50 years of the field. Here, I present some of the tools that have come out of the 
bacteria-bacteriophage arms race and discuss some of the concepts that may shape 
their future use. Molecular biology remains a fast-growing area increasingly limited 
solely by researcher ingenuity.

Keywords: molecular biology tools, orthogonality, DNA modifications

1. Introduction

The relationship between bacteriophages and bacteria is often explained in terms 
of an arms race: each ‘developing’ measures and countermeasures for attacking and 
defending itself from the other [1, 2]. The imagery of an arms race is a powerful 
metaphor to summarise the relationship between possibility and availability that 
have constrained the emergence, evolution and diversification of life on Earth.

Life is limited by what is possible. For instance, life can only exist because 
chemical information storage is possible. On the other hand, life as we know it has 
evolved around DNA and RNA because they are informational molecules that could 
function in the environment of the early Earth and whose building blocks were 
readily available.

The relationship between bacteria and bacteriophages is similarly constrained. 
The emergence (or availability) of bacterial cells capable of establishing a rich 
internal environment (compared to the outside of the cell) creates the possibility 
for other organisms to evolve predatory or parasitic survival strategies, including 
bacteriophages. Once phages emerge, they alter the dynamics of the ecological 
niche and create an advantage to bacterial hosts that can reduce the success of phage 
infection—whether by hindering phage access to the cell cytoplasm, by interfering 
with phage survival or replication in the cell or by interfering with phage matura-
tion and release [3].

Bacterial defences arise from any function already available in the 
host (e.g. uracil-DNA glycosylase involved in DNA repair) or that can be 
 co-opted from available genetic resources in the cell or in the environment 
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(e.g. restriction-modification systems). Defences can also emerge from loss of 
function (e.g. mutations to the maltose porin LamB in E. coli, which make it 
resistant to bacteriophage λ infections [4]).

Given the prevalence of bacteria and phages in the environment, and given the 
evolutionary scale time of their arms race, the variety, complexity and efficiency of 
these attack and defence strategies are huge and can range from silent integration into 
the host genome (i.e. lysogeny) to enacting a hostile molecular takeover of the bacte-
rial host cell. Despite our current efforts to map the genetic diversity available on 
Earth, it remains likely that new strategies are still to be identified and characterised.

Nonetheless, many of these defence and attack strategies have also been 
harnessed for biotechnology applications, significantly beyond the simple use 
of bacteriophages (or bacteriophage proteins) as bacterial control agents [5–7]. 
Restriction-modification (RM) systems found in bacteria were among the very 
first tools isolated from the bacteria-phage arms race [8, 9]. They de facto represent 
the start of modern molecular biology, and they have remained key tools for over 
50 years (Figure 1).

More recently, another tool derived from bacterial defence has been harnessed, 
with potentially equally transformative impact on how we interact with biology: 
clustered regularly interspersed palindromic repeats (CRISPR) [26–28]. CRISPR 
forms part of an adaptive immunity system in prokaryotes, but it is being harnessed 
to deliver a wide range of research and therapeutic tools.

Although RM systems and CRISPR are deservedly acknowledged as having a 
significant impact on molecular biology and biotechnology, many other tools have 
been or are being developed based on components isolated from the bacteria-phage 
arms race. This chapter focuses on some of those tools—their mechanisms, current 
and potential applications.

Figure 1. 
Potential biotechnology applications derived from bacteriophages. Almost every aspect of the bacteriophage 
life cycle can be exploited for the development of biotechnology tools. Aside from their natural bactericidal 
role, phages can be used for the delivery of engineered circuits [10, 11] and in directed evolution through phage 
display [12] and PACE [13]. Individual phage systems have been also successfully developed as tools.
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2. Common molecular biology tools and orthogonality

Because of the wide range of bacteriophage infection strategies available, it 
becomes difficult to introduce simple classification without recreating the complex-
ity of approaches taken by phages. For instance, bacteriophage promoters can rely 
exclusively on host proteins (e.g. T4 early promoters), on a mixture of host and 
phage proteins (e.g. T4 middle promoters or PL promoter from λ phage) or exclu-
sively on phage-derived factors (e.g. T7 RNA polymerase promoters). This provides 
a continuum that can be further dissected by analysing the mechanism of the 
hybrid promoters, with their specific host and phage dependencies.

That continuum maps how independent a phage system is from the host while 
still active within the host, i.e. it is a measure of the orthogonality of the system. 
Having evolved to survive in a changing environment, bacteria have complex 
layers of gene expression regulation with multiple feedback systems which are not 
necessarily easy to control independently, despite our advances in understanding 
bacterial metabolism [29, 30]. In that context, phage systems that have reduced 
dependencies on the host machinery (i.e. increased orthogonality) provide isolated 
systems that can be simpler to regulate and are, at least in part, shielded from varia-
tions in the cellular machinery—an approach that has dominated biotechnology 
until recently.

Many of the common phage-derived biotechnology tools have been developed 
from such systems, none more so than T7 RNA polymerase [31]. Isolated from T7 
bacteriophage, this monomeric RNA polymerase can recognise a specific promoter 
sequence. The core T7 promoter sequence (TAATACGACTCACTATAG) is suf-
ficient to trigger transcription in cells harbouring a T7 RNA polymerase gene. 
This is the strategy set up behind pET vectors, which contain a T7 promoter and 
rely on an E. coli host carrying a T7 RNA polymerase under an inducible promoter 
(e.g. lacUV)—usually the result of the introduction of a DE3 phage [32, 33].

Nevertheless, the context of the T7 promoter can have a significant impact on 
the expression level of the downstream genes, and at high polymerase concentra-
tions, it is possible to drive transcription from suboptimal promoters—highlighting 
that the orthogonality of the system is limited.

Given its monomeric structure and orthogonal role in cellular transcription, 
T7 RNA polymerase became not only a useful tool in biotechnology but also an 
important model system for the study of transcription (reviewed in [34]). Because 
of its orthogonality, T7 RNA polymerase (and its promoter) can be harnessed for 
the regulation of transcription in a wide range of hosts beyond E. coli, including 
Gram-positive bacterial hosts [35], yeast [36, 37] and human cells [38, 39].

Its role in the regulation of transcription has also been expanded through 
the creation of more complex systems using split T7 RNA polymerase proteins. 
Surprisingly for a mesophilic highly dynamic enzyme, T7 RNA polymerase can be 
expressed in two [40, 41] or more [42] fragments that in vivo are able to reassemble 
and function as viable RNA polymerases.

While orthogonality can be a desirable feature for in vivo applications, it is 
wholly unnecessary for in vitro applications, where the key constraint lies on iden-
tifying reaction conditions in which expressed and purified proteins are sufficiently 
active to carry out the desired function. That is the case with T4 DNA ligase and T4 
polynucleotide kinase, which were originally isolated from the E. coli T4 phage and 
remain important tools in molecular biology.

T4 DNA ligase has a central role in the replication and repair of the phage 
genome during its infection of E. coli [43]. This also entails coping with DNA 
modifications such as the full substitution of cytosine for 5-hydroxymethylcytosine 
and glucosyl-5-hydroxymethylcytosine that naturally occurs in vivo [44, 45]—this 
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clustered regularly interspersed palindromic repeats (CRISPR) [26–28]. CRISPR 
forms part of an adaptive immunity system in prokaryotes, but it is being harnessed 
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is a phage defence mechanism discussed below. Although its structure has only 
recently been determined [46], the mechanism of action of this enzyme has long 
been characterised [47]. Even in the absence of other phage genes, it is active in vivo 
[48], but its main application in molecular biology remains its in vitro activity 
that, coupled with restriction endonucleases, has underpinned modern molecular 
 biology—allowing a molecular cut and paste approach to DNA assembly.

Ligase in vitro activity, particularly its ability to accept modified ligands, has 
been extensively explored for the assembly of heavily modified DNA sequences for 
aptamer selection [49, 50] and to explore a wider range of nucleic acid modifica-
tions, such as sugar-modified nucleic acids [51].

3. Second-generation tools and applications

The combination of different enzymatic functions has created novel applica-
tions, such as the large-scale DNA assembly in Gibson assembly through the combi-
nation of exonuclease, polymerase and ligase activities [52]. However, a whole range 
of novel applications are possible by harnessing additional bacteriophage proteins 
that have not yet been extensively explored.

Recombinases and integrases, enzymes that catalyse the sequence-specific inser-
tion of a phage genome into the host chromosome [53, 54], were identified early in 
bacteriophage research (e.g. the λ integrase) but were not immediately harnessed 
for applications. These came substantially later once recombinases were shown to 
facilitate DNA assembly, whether by increasing the efficiency of subcloning such 
as in Gateway cloning [55], or enabling multipart assemblies needed for metabolic 
engineering [56].

In general, recombinases bind DNA specifically, as dimers, on recognition 
sites that are relatively short (usually between 30 and 50 bases) and partially 
palindromic, termed attP and attB (originally to distinguish phage and bacterial 
origins). These two sites have different sequences which contribute to making 
the recombination process unidirectional. The recombinases facilitate the break 
and religation of double-stranded DNA within the att sites resulting in chimeric 
sites that are then labelled attR and attL (from right and left sides, respectively). 
Insertion of a phage genome into the host is efficient and stable, but it can also be 
reversed with the contribution of a single host factor (reviewed in [57]).

Because of the high efficiency of integration, recombinases have been also 
developed as systems to facilitate homologous recombination in higher eukaryotes, 
such as mammalian cells [58], Drosophila organisms [59] and plants (reviewed in 
[60]). In the latter, recombinases were of particular interest because of their poten-
tial to remove transformation and selection markers from engineered crops, leaving 
behind only the genes responsible for the engineered trait. This idea of using recom-
binases to directly alter an organism’s genome has been vastly expanded in the Yeast 
2.0 project, through the design implementation of multiple loxP (the equivalent to 
att sites for Cre recombinase) in the synthetic yeast genome that can be activated, 
leading to large-scale genome rearrangement—termed synthetic chromosome rear-
rangement and modification by loxP-mediated evolution (SCRaMbLE) [61].

By enabling controllable chromosome rearrangements between the designed 
loxP sites, a synthetic yeast can delete, duplicate and reorder many of its genes, 
allowing in vivo selection for desirable traits such as increased alkali tolerance [62]. 
Alternatively, the system can be coupled to heterologously expressed genes allowing 
the rapid optimisation of pathways [63].

Like SCRaMbLE, protein-directed evolution relies on cycles of mutagenesis (to 
introduce diversity into a population) and selection (to reduce diversity towards 
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functional proteins) [64] which in some platforms can be achieved continuously 
in vivo—e.g. in PACE [13] or in some continuous culture approaches [65]. In both 
examples, mutation can be controlled by stressors or the induction of error-prone 
replication but are not necessarily limited to the area of interest (e.g. a single gene). 
Greater control of targeting is possible and has been reported through the use of 
an error-prone PolI [66]—which is necessary for the replication of some bacterial 
plasmids and can be used to drive diversification in vivo in the vicinity of plasmid 
replication initiation—and protein fusions that target an error-prone polymerase to 
a particular region of the genome [e.g. EvolvR and MutaT7 (reviewed in [67])].

However, one such system, termed diversity-generating retroelements (DGRs), 
has naturally emerged in bacteriophages and was first implicated in the tropism 
switching of Bordetella phages [68, 69] but that has since been identified in a 
wide range of bacterial and archaeal genomes [70, 71]. The system relies on an 
error-prone reverse transcriptase (RT) and on two DNA repeats—one operat-
ing as a template (template repeat) and the other as the target (variable repeat). 
RNA synthesised from the template is used to guide the error-prone synthesis of 
a DNA by the RT, which also coordinates its insertion at the target site. The error-
profile of DGR RTs results in adenines being replaced with other bases, creating a 
directionality to the evolution that is always anchored by the template repeat [72]. 
Nevertheless, changes in DNA sequences involved in the targeting of the retroele-
ment, termed initiation of mutagenic homing (IMH), can lead to both template 
and variable repeats being allowed to evolve at different rates—removing some of 
the directionality in evolution and freeing the system to explore the sequence space 
more thoroughly [68].

Despite its potential, it remains to be seen whether such a system can be har-
nessed for protein engineering. If the DGR systems can themselves be engineered, 
their targeting and error rate may be amenable to modulation opening possibilities 
to compete with the most recent Cas9-derived gene editors [73].

4. Xenobiotic nucleic acids

Chemical modification of the phage’s own genome is a widespread strategy that 
emerged multiple times in evolution to circumvent (or at least slow down) bacte-
rial defence mechanisms that target the invading DNA for degradation: restriction 
endonucleases, exonucleases and CRISPR-Cas systems [44, 74]. Those modifica-
tions have been reported not only on the nucleobases, akin to eukaryotic epigenetic 
markers, but also on the nucleic acid backbone.

Reported nucleobase modifications suggest that the overwhelming majority of 
any such modifications is targeted to the C5 position in pyrimidines. They range 
from small modifications, such as methylation, to bulky modifications, such as 
putrescine and even carbohydrate moieties. While such modifications have long 
been known, new sequencing platforms capable of reading the DNA sequence 
without an amplification step, such as nanopore sequencing, hold great promise in 
enabling a more systematic mapping and characterisation of DNA modifications in 
phage genomes (Figure 2) [75].

DNA modifications, particularly modifications that bring chemical functional-
ity not available in natural bases, such as glycosylation in Bacillus subtilis SP-15 
phage [76], can be harnessed for function as has been achieved through the chemi-
cal modification of DNA bases and systematic evolution of ligands by exponential 
enrichment (SELEX) [50, 77]. Despite characterisation of the biosynthetic pathway 
for multiple-phage DNA modification systems, none have been implemented 
in vitro for applications.
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One potential bottleneck lies on how the phage and the host handle those chemi-
cally modified DNAs. Upon infection, the mature phage DNA needs to be modified 
if that is an evolutionary strategy being exploited to slow down or avoid in vivo 
degradation. On the other hand, those chemical modifications can affect DNA 
structure and biophysical properties which may also be detrimental to bacterio-
phage replication—since this would require a DNA polymerase capable of process-
ing such heavily modified genomes.

It is known that at least in some cases, this chemical cloaking is removed upon infec-
tion, such as in SP-15 [78], before unmodified DNA is replicated in vivo. But, given viral 
polymerases more permissive substrate specificity, it is possible that some systems can 
be replicated directly by highly adapted phage polymerases—either to DNA followed 
by reinstalling the chemical modifications or directly from modified DNA to modi-
fied DNA. In the case of SP-15, the bulkier modifications are rapidly removed prior 
to replication of DNA [78]. T4 seems to follow a similar pattern where glycosylation is 
removed, and DNA is replicated containing only the simpler 5-hydroxymethylation 
modification. This is further supported by the biochemical evidence that glycosylation 
is ‘installed’ on the replicated T4 DNA [44, 74]. Nevertheless, early T4 transcription 
occurs rapidly, and it is carried out by the host RNA polymerase, suggesting that 
natural RNA polymerases can still use the hypermodified bases in that template.

Notably, although phage polymerases replicate phage DNA in vivo harbouring 
simple chemical modifications, such as (in Synechocystis S-2 L phage) 2-amino-
adenine [79] and uracil (in Bacillus phages AR9, PBS1 and PBS2, Yersinia phage 
PhiR1-37 and Staphylococcus phage S6), no viral polymerase has been described 
that is capable of selectively incorporating the modified bases. That is, although 
some bacteriophages make use of modified nucleobases and have evolved systems 
that lead to 100% incorporation of the modified bases in their genomes, their DNA 
polymerases have not specialised towards being able to only incorporate the modi-
fied nucleobases—they remain able to recognise unmodified triphosphates.

Figure 2. 
Examples of XNAs in phages. Nucleobases are composed of three different chemical moieties, and change to any 
one of them has the potential to alter duplex conformation and how easily they are recognised by natural nucleic 
acid processing enzymes [14–25]. The base, sugar and backbone discussed in the chapter are shown here.
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Still, the increased substrate flexibility of phage DNA polymerases may at least 
in part justify why a Bacillus subtilis Phi29 DNA polymerase required a single muta-
tion for the synthesis of anhydrohexitol nucleic acids (HNA) [80] while an archaeal 
enzyme required in excess of seven mutations [81].

5. Conclusion

Bacteriophages remain a rich source of novel functionalities that can be har-
nessed to advance molecular biology (and synthetic biology). The examples here 
provided represent only a small fraction of the potential applications available, 
which also include medical applications from phage proteins [82, 83] and engi-
neered phages [10, 11, 84].

In addition, bacteriophages have had a close relationship with directed evolu-
tion, either as a vehicle such as in phage display [85, 86] or by providing (in addition 
to the examples above) proteins to accelerate strain engineering, such as in multi-
plex automated genome engineering (MAGE) [87].

Finally, bacteriophages may also become an important tool in harnessing new 
non-model organisms in synthetic biology, as pre-optimised DNA delivery nano-
machines for custom circuits.
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occurs rapidly, and it is carried out by the host RNA polymerase, suggesting that 
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Notably, although phage polymerases replicate phage DNA in vivo harbouring 
simple chemical modifications, such as (in Synechocystis S-2 L phage) 2-amino-
adenine [79] and uracil (in Bacillus phages AR9, PBS1 and PBS2, Yersinia phage 
PhiR1-37 and Staphylococcus phage S6), no viral polymerase has been described 
that is capable of selectively incorporating the modified bases. That is, although 
some bacteriophages make use of modified nucleobases and have evolved systems 
that lead to 100% incorporation of the modified bases in their genomes, their DNA 
polymerases have not specialised towards being able to only incorporate the modi-
fied nucleobases—they remain able to recognise unmodified triphosphates.

Figure 2. 
Examples of XNAs in phages. Nucleobases are composed of three different chemical moieties, and change to any 
one of them has the potential to alter duplex conformation and how easily they are recognised by natural nucleic 
acid processing enzymes [14–25]. The base, sugar and backbone discussed in the chapter are shown here.
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Chapter 4

The Unusual Linear Plasmid 
Generating Systems of 
Prokaryotes
Sophie E. Knott, Sarah A. Milsom and Paul J. Rothwell

Abstract

Linear DNA is vulnerable to exonuclease degradation and suffers from genetic 
loss due to the end replication problem. Eukaryotes overcome these problems by 
locating repetitive telomere sequences at the end of each chromosome. In humans 
and other vertebrates this noncoding terminal sequence is repeated between 
hundreds and thousands of times, ensuring important genetic information is 
protected. In most prokaryotes, the end-replication problem is solved by utilizing 
circular DNA molecules as chromosomes. However, some phage and bacteria do 
store genetic information in linear constructs, and the ends of these structures form 
either invertrons or hairpin telomeres. Hairpin telomere formation is catalyzed by 
a protelomerase, a unique protein that modifies DNA by a two-step transesterifica-
tion reaction, proceeding via a covalent protein bound intermediate. The specifics 
of this mechanism are largely unknown and conflicting data suggests variations 
occur between different systems. These proteins, and the DNA constructs they 
produce, have valuable applications in the biotechnology industry. They are also 
an essential component of some human pathogens, an increased understanding of 
how they operate is therefore of fundamental importance. Although this review will 
focus on phage encoded protelomerase, protelomerases found from Agrobacterium 
and Borellia will be discussed in terms of mechanism of action.

Keywords: protelomerase, telomere resolvase, linear plasmid, doggybone DNA, 
Touchlight Genetics

1. Introduction

The study of DNA, its structure and how it is replicated has been intensifying 
since the 1900s. Recent advances in DNA sequencing, bioinformatics and high- 
resolution imaging has increased our understanding of the variations that exist 
between different DNA replication systems. In general, the genetic material of bac-
terial cells is in the form of circular DNA molecules. Infecting bacteriophage may 
integrate their DNA into the host genome, or maintain it independently as a viral 
episome; usually this plasmid is also circular. These structures have no free ends and 
are therefore not susceptible to exonuclease degradation and do not suffer from the 
end replication problem, whereby genetic material at the tip of a chromosome is lost 
during each round of replication. However, some prokaryotic cells have been identi-
fied as harboring closed linear DNA chromosomes. The ends of these structures 
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are protected by either invertron or hairpin telomeres. Invertron telomeres consist 
of inverted terminal repeats and covalently attached capping proteins, essential 
for priming DNA replication. These structures are distinct from hairpin telomeres, 
which have covalently closed hairpin ends.

The first linear genome of prokaryotes was obtained in 1964, when V. Ravin 
isolated the Escherichia coli phage N15 [1]. The genetic material of this phage is 
unusual, because it is not maintained as an independent circular entity nor is it 
integrated into the host genomic material. Instead, upon entry into the host, the N15 
genome circularizes and is then processed into linear structures by an atypical cut-
ting and re-joining enzyme, called a protelomerase, or telomere resolvase. Since this 
discovery, protelomerases have also been characterised in Klebsiella oxytoca phage 
φKO2, Yersinia enterocolitica phage PY54, Vibrio parahaemolyticus phage VP882 [2] 
and Halomonas aquamarina phage ΦHAP-1.

In addition to phage, these unusual enzymes have been isolated from certain 
bacteria. The best studied being ResT from Borrelia burgdorferi [3], the causative 
agent of Lyme disease. Linear chromosomes are now described as a hallmark of 
Borrelia [4] and protelomerases have been purified from B. hermsii, B. parkeri, 
B. recurrentis, B. turicatae, and B. anserine [5]. More recently, they have also been 
discovered in cyanobacteria [6] and the plant pathogen Agrobacterium tumefa-
ciens C58, which contains a circular and linear chromosome as well as circular 
plasmids [7]. These proteins are clearly more widespread than initially believed 
and it is likely future research into other prokaryotes will identify additional 
members of the family.

Although currently under debate, it has been suggested protelomerases are 
tyrosine-recombinase-like enzymes. It remains to be determined whether the 
bacterial protelomerases have their origin in phage as both, to some extent, share a 
common substrate recognition and a DNA cleavage/rejoining mechanism. In addi-
tion, some protelomerases have been identified as having roles in vivo unrelated to 
telomere resolution such as single strand annealing [8] and ATP-dependent helicase 
activities [9]. Further research into this important class of enzymes should help 
elucidate the significance of single strand annealing and DNA unwinding activities 
during closed linear chromosome replication.

Not only are protelomerases essential for the organisms in which they reside, 
but their unique functionality makes them valuable to the biotechnology industry. 
DNA constructs produced using protelomerase are being marketed by Lucigen 
as improved cloning vectors for highly repetitive sequences [10, 11]. Linear 
structures are not susceptible to supercoiling, thus making them more stable and 
less susceptible to genetic loss during replication [10]. Protelomerases can also 
be expressed in engineered E. coli cells to produce linear eukaryotic vectors that 
contain no bacterial sequences [12]. In addition, protelomerases are a central 
component to Touchlight Genetics’ DNA amplification platform that produces 
large quantities of high-quality DNA using a cell-free process, for therapeutic and 
industrial applications [13, 14]. Unlike plasmid DNA, the incumbent technology 
for therapeutic applications, Touchlight’s doggybone DNA (dbDNA) platform 
contains no extraneous bacterial DNA sequences. The resulting minimal vector 
has an improved safety profile from a regulatory perspective due to elimination 
of antibiotic resistance genes. The small amounts of plasmid DNA required for 
this in vitro manufacturing process makes the dbDNA process well suited to scale 
production of “difficult” structured or repetitive DNA sequences or constructs 
that cause cell toxicity. Linear, minimal vectors may be valuable as nonviral gene 
therapy vectors and as DNA vaccines, both modalities gaining increasing focus 
and investment in the biotechnology market.
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There is high interest in the study of this protein family due to their utility and 
potential value for biotechnology. To date, research has largely focused on charac-
terizing protelomerase recognition sequences, solving 3-dimensional structures 
and exploring the effects of protein mutations on activity. An improved under-
standing of how protelomerases function will enhance their value for applications 
in synthetic biology, and may provide the opportunity to invent new and novel 
applications.

2. Mechanism of telomere resolution

Despite the diversity of organisms in which protelomerases reside, important 
features have been identified that unify and define this class of protein. The protel-
omerase target site, denoted as telRL, is a palindromic sequence of double stranded 
DNA. The substrate differs between protelomerases and to date only ResT, the 
bacterial protelomerase from Borrelia, has been shown to have specificity for more 
than one target sequence [15]. All protelomerases are thought to function as a dimer 
and it is widely believed that none require the addition of cofactors such as ATP or 
divalent cations. However, it has been shown that concentrations of EDTA >10 mm 
inhibit the N15 protelomerase, TelN, and the sequence of this protein predicts a 
binding motif for divalent cations [16].

Current models propose that protelomerases bind nonspecifically to DNA and 
scan the sequence until finding the target site, or coming into contact with another 
monomer, at which point the protein immobilizes [17]. Immobilization occurs upon 
dimerization, whether this forms at the substrate target sequence or not. However, 
only when at the correct site will the reaction of telomere formation be catalyzed. 
This phenomenon can be observed in vitro, where a high concentration of TelK 
(over 400 nm) results in the condensation of DNA and inhibition of telomere 
formation [17]. Protelomerase concentration in vivo therefore, must be carefully 
controlled. This notion has been explored in phage N15, where negative control is 
used to regulate the levels of protein [18].

Protelomerases catalyzes a two-step transesterification reaction, and all are 
thought to initiate DNA cleavage using an active site tyrosine residue. This residue 
performs nucleophilic attack on the phosphodiester bond to form a 3′ covalently 
attached protein-DNA intermediate and a free 5′-OH. The protein bound inter-
mediate is vital for avoiding deleterious double strand breaks and prevents the 
premature abortion of reactions [19]. The DNA cleavage reaction happens in a 
staggered formation 3-bp either side of the symmetrical target site center. This 
leaves a 6-nucleotide overhang that loops back and is ligated to form the covalently 
closed hairpin end. The DNA cleaving and re-joining reactions are isoenergetic and, 
in principle, each step in the reaction is reversible [19]. As DNA hairpins are unable 
to form complete base pairings [20], they are less stable than the starting material. 
In this case directionality is determined by the loop processing step. This part of the 
reaction is poorly understood and data available indicates conflicting mechanisms 
in different systems.

Figure 1a is a model for telomere resolution by the protelomerase TelK from 
phage φKO2. An interlocked protein dimer forms at the telRL site and induces a 
sharp, roughly 73°, bend in the DNA, which displaces its helical structure and 
buckles the base pairs between the scissile phosphates [21]. This is described 
as “spring loading”; the energy stored in the distorted DNA drives the reaction 
forward, enabling spontaneous hairpin formation and protein dimer separation 
[19]. The mechanisms proposed for the bacterial protelomerases, TelA and ResT 
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are protected by either invertron or hairpin telomeres. Invertron telomeres consist 
of inverted terminal repeats and covalently attached capping proteins, essential 
for priming DNA replication. These structures are distinct from hairpin telomeres, 
which have covalently closed hairpin ends.

The first linear genome of prokaryotes was obtained in 1964, when V. Ravin 
isolated the Escherichia coli phage N15 [1]. The genetic material of this phage is 
unusual, because it is not maintained as an independent circular entity nor is it 
integrated into the host genomic material. Instead, upon entry into the host, the N15 
genome circularizes and is then processed into linear structures by an atypical cut-
ting and re-joining enzyme, called a protelomerase, or telomere resolvase. Since this 
discovery, protelomerases have also been characterised in Klebsiella oxytoca phage 
φKO2, Yersinia enterocolitica phage PY54, Vibrio parahaemolyticus phage VP882 [2] 
and Halomonas aquamarina phage ΦHAP-1.

In addition to phage, these unusual enzymes have been isolated from certain 
bacteria. The best studied being ResT from Borrelia burgdorferi [3], the causative 
agent of Lyme disease. Linear chromosomes are now described as a hallmark of 
Borrelia [4] and protelomerases have been purified from B. hermsii, B. parkeri, 
B. recurrentis, B. turicatae, and B. anserine [5]. More recently, they have also been 
discovered in cyanobacteria [6] and the plant pathogen Agrobacterium tumefa-
ciens C58, which contains a circular and linear chromosome as well as circular 
plasmids [7]. These proteins are clearly more widespread than initially believed 
and it is likely future research into other prokaryotes will identify additional 
members of the family.

Although currently under debate, it has been suggested protelomerases are 
tyrosine-recombinase-like enzymes. It remains to be determined whether the 
bacterial protelomerases have their origin in phage as both, to some extent, share a 
common substrate recognition and a DNA cleavage/rejoining mechanism. In addi-
tion, some protelomerases have been identified as having roles in vivo unrelated to 
telomere resolution such as single strand annealing [8] and ATP-dependent helicase 
activities [9]. Further research into this important class of enzymes should help 
elucidate the significance of single strand annealing and DNA unwinding activities 
during closed linear chromosome replication.

Not only are protelomerases essential for the organisms in which they reside, 
but their unique functionality makes them valuable to the biotechnology industry. 
DNA constructs produced using protelomerase are being marketed by Lucigen 
as improved cloning vectors for highly repetitive sequences [10, 11]. Linear 
structures are not susceptible to supercoiling, thus making them more stable and 
less susceptible to genetic loss during replication [10]. Protelomerases can also 
be expressed in engineered E. coli cells to produce linear eukaryotic vectors that 
contain no bacterial sequences [12]. In addition, protelomerases are a central 
component to Touchlight Genetics’ DNA amplification platform that produces 
large quantities of high-quality DNA using a cell-free process, for therapeutic and 
industrial applications [13, 14]. Unlike plasmid DNA, the incumbent technology 
for therapeutic applications, Touchlight’s doggybone DNA (dbDNA) platform 
contains no extraneous bacterial DNA sequences. The resulting minimal vector 
has an improved safety profile from a regulatory perspective due to elimination 
of antibiotic resistance genes. The small amounts of plasmid DNA required for 
this in vitro manufacturing process makes the dbDNA process well suited to scale 
production of “difficult” structured or repetitive DNA sequences or constructs 
that cause cell toxicity. Linear, minimal vectors may be valuable as nonviral gene 
therapy vectors and as DNA vaccines, both modalities gaining increasing focus 
and investment in the biotechnology market.
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There is high interest in the study of this protein family due to their utility and 
potential value for biotechnology. To date, research has largely focused on charac-
terizing protelomerase recognition sequences, solving 3-dimensional structures 
and exploring the effects of protein mutations on activity. An improved under-
standing of how protelomerases function will enhance their value for applications 
in synthetic biology, and may provide the opportunity to invent new and novel 
applications.

2. Mechanism of telomere resolution

Despite the diversity of organisms in which protelomerases reside, important 
features have been identified that unify and define this class of protein. The protel-
omerase target site, denoted as telRL, is a palindromic sequence of double stranded 
DNA. The substrate differs between protelomerases and to date only ResT, the 
bacterial protelomerase from Borrelia, has been shown to have specificity for more 
than one target sequence [15]. All protelomerases are thought to function as a dimer 
and it is widely believed that none require the addition of cofactors such as ATP or 
divalent cations. However, it has been shown that concentrations of EDTA >10 mm 
inhibit the N15 protelomerase, TelN, and the sequence of this protein predicts a 
binding motif for divalent cations [16].

Current models propose that protelomerases bind nonspecifically to DNA and 
scan the sequence until finding the target site, or coming into contact with another 
monomer, at which point the protein immobilizes [17]. Immobilization occurs upon 
dimerization, whether this forms at the substrate target sequence or not. However, 
only when at the correct site will the reaction of telomere formation be catalyzed. 
This phenomenon can be observed in vitro, where a high concentration of TelK 
(over 400 nm) results in the condensation of DNA and inhibition of telomere 
formation [17]. Protelomerase concentration in vivo therefore, must be carefully 
controlled. This notion has been explored in phage N15, where negative control is 
used to regulate the levels of protein [18].

Protelomerases catalyzes a two-step transesterification reaction, and all are 
thought to initiate DNA cleavage using an active site tyrosine residue. This residue 
performs nucleophilic attack on the phosphodiester bond to form a 3′ covalently 
attached protein-DNA intermediate and a free 5′-OH. The protein bound inter-
mediate is vital for avoiding deleterious double strand breaks and prevents the 
premature abortion of reactions [19]. The DNA cleavage reaction happens in a 
staggered formation 3-bp either side of the symmetrical target site center. This 
leaves a 6-nucleotide overhang that loops back and is ligated to form the covalently 
closed hairpin end. The DNA cleaving and re-joining reactions are isoenergetic and, 
in principle, each step in the reaction is reversible [19]. As DNA hairpins are unable 
to form complete base pairings [20], they are less stable than the starting material. 
In this case directionality is determined by the loop processing step. This part of the 
reaction is poorly understood and data available indicates conflicting mechanisms 
in different systems.

Figure 1a is a model for telomere resolution by the protelomerase TelK from 
phage φKO2. An interlocked protein dimer forms at the telRL site and induces a 
sharp, roughly 73°, bend in the DNA, which displaces its helical structure and 
buckles the base pairs between the scissile phosphates [21]. This is described 
as “spring loading”; the energy stored in the distorted DNA drives the reaction 
forward, enabling spontaneous hairpin formation and protein dimer separation 
[19]. The mechanisms proposed for the bacterial protelomerases, TelA and ResT 
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(from Agrobacterium tumefaciens C58 and Borrelia, respectively) are funda-
mentally different to that of TelK. In TelA and ResT reactions, strand refolding 
is enzyme-mediated, as opposed to spontaneous. A key element of the TelA 
mechanism is the refolding intermediate that exists before hairpin formation. 
This conformation is stabilized by multiple protein-DNA and DNA-DNA interac-
tions, which drive the reaction forward by virtue of changes in binding energies. 
TelA binds even more strongly to the final hairpin product, thus favoring its 
formation. The mechanisms for TelK and TelA have been deduced from struc-
tures solved by X-ray crystallography [21, 22]. There is no structure of ResT and 
the mechanism proposed in Figure 1c is a result of research involving structure 
prediction, substrate modifications and protein mutations. In ResT catalyzed 
telomere resolution, the protein binds and distorts the DNA by underwinding at 
the dimer interface [19]. This is consistent with the observation that ResT has a 
hairpin-binding module, that presumably stabilizes the conformation of pre-
hairpin DNA [23]. Hydrolysis of base pairs between the scissile phosphates pro-
motes strand ejection following DNA cleavage. The exact mechanism of strand 
refolding is yet to be determined, but it is suggested to occur before dissolution 
of the dimer [24]. This concept of a “spring-loaded” pre-cleavage intermediate is 
analogous to that of TelK.

3. Substrate sequences

Identifying the natural target site of protelomerases is not straightforward. A 
logical strategy is to determine the nucleotide sequence of the resultant telomere 
and deduce from this the starting material. However, sequencing telomeres is 
notoriously difficult as the hairpin ends are incapable of ligating to the vector 
during sequencing library construction [7]. An adapted method has been used, 

Figure 1. 
Models of telomere resolution by TelK, TelA and ResT. (a) TelK monomers composed of N-terminal muzzle 
and C-terminal stirrup domains dimerise at the target site. This induces bending of the DNA, the spontaneous 
release of stored energy drives hairpin formation and dimer dissolution. (b) TelA cleaves the DNA and 
transient electrostatic interactions stabilize the transition state. Hairpin formation occurs within the protein 
dimer (c) ResT catalyzes telomere resolution with the aid of its hairpin-binding module. The final step of this 
reaction is product release, which is not observed for TelK or TelA [19].
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whereby a nuclease opens the closed ends to make them compliant for ligation [25]. 
This does not always give absolute results, but can provide predictions for the target 
sequences, which may be confirmed by in vitro studies [25].

In general, protelomerases are highly specific and only process one target 
sequence. The exception to this is ResT, which is far less stringent and can resolve 
nine different telomere sequences found in the B. burgdorferi group of bacteria [15]. 
A conserved feature among all protelomerases is the palindromic nature of their 
substrate, with one protein molecule binding either side of the axis of symmetry 
to form a dimer. Interestingly, the TATAAT sequence of telomeres from N15 and 
φKO2 is also found in Borrelia. The significance of this is unconfirmed, although 
it has been suggested the nucleotides are important for protelomerase recognition 
[15]. For ResT, substitution of this sequence abolishes telomere resolution and 
mutating it to TTTAAT reduces the initial rate significantly [15]. Mutating the 6th 
and 7th nucleotide of this sequence within the TelN recognition site also produces a 
substrate the protein cannot process [26]. Despite functioning in different systems, 
TelN and TelK process highly similar target sequences, both of which are shown 
in Figure 2. These sites differ in length, but are identical in the center, and both 
protelomerases are capable of resolving each other’s natural substrate [27]. Given 
the high sequence similarity (86.9%) between TelN and TelK, this observation is not 
hugely surprising.

Comparison of the TelN and TelK telRL sequences, to the 42 base pair (bp) 
recognition site of the PY54 protelomerase indicates limited homology and this 
DNA cannot be processed by any of the other protelomerases [27]. However, Huang 
and colleagues found altering positions 15 and 16 of the PY54 target in the top 
strand, plus residues 28 and 27 of the bottom strand results in a substrate that is 
processed, although with limited efficiency, by TelK. They went on to suggest that 
TelN and TelK not only recognize these specific nucleotides, but also a cruciform 
DNA structure that is formed [27]. Although crystal structures of TelK have since 
discredited the suggestion that a cruciform structure is formed [21], this work is 
important in that it identifies the key nucleotides that are essential for telomere 
resolution by these enzymes.

Figure 2. 
Protelomerase recognition sequences. (a) The tos site for TelN. Gray boxes indicate three regions of repeated 
sequences flanking the telRL site, which contains the central 22-bp telO site highlighted in cyan. Figure adapted 
from [16]. (b) The cognate sequence of TelN (top) and TelK (bottom). Both protelomerases are capable of 
processing each other’s substrate. Two single point variations are shown in bold. In addition, the TelN natural 
substrate has six residues on each end.
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(from Agrobacterium tumefaciens C58 and Borrelia, respectively) are funda-
mentally different to that of TelK. In TelA and ResT reactions, strand refolding 
is enzyme-mediated, as opposed to spontaneous. A key element of the TelA 
mechanism is the refolding intermediate that exists before hairpin formation. 
This conformation is stabilized by multiple protein-DNA and DNA-DNA interac-
tions, which drive the reaction forward by virtue of changes in binding energies. 
TelA binds even more strongly to the final hairpin product, thus favoring its 
formation. The mechanisms for TelK and TelA have been deduced from struc-
tures solved by X-ray crystallography [21, 22]. There is no structure of ResT and 
the mechanism proposed in Figure 1c is a result of research involving structure 
prediction, substrate modifications and protein mutations. In ResT catalyzed 
telomere resolution, the protein binds and distorts the DNA by underwinding at 
the dimer interface [19]. This is consistent with the observation that ResT has a 
hairpin-binding module, that presumably stabilizes the conformation of pre-
hairpin DNA [23]. Hydrolysis of base pairs between the scissile phosphates pro-
motes strand ejection following DNA cleavage. The exact mechanism of strand 
refolding is yet to be determined, but it is suggested to occur before dissolution 
of the dimer [24]. This concept of a “spring-loaded” pre-cleavage intermediate is 
analogous to that of TelK.

3. Substrate sequences

Identifying the natural target site of protelomerases is not straightforward. A 
logical strategy is to determine the nucleotide sequence of the resultant telomere 
and deduce from this the starting material. However, sequencing telomeres is 
notoriously difficult as the hairpin ends are incapable of ligating to the vector 
during sequencing library construction [7]. An adapted method has been used, 
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and C-terminal stirrup domains dimerise at the target site. This induces bending of the DNA, the spontaneous 
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whereby a nuclease opens the closed ends to make them compliant for ligation [25]. 
This does not always give absolute results, but can provide predictions for the target 
sequences, which may be confirmed by in vitro studies [25].

In general, protelomerases are highly specific and only process one target 
sequence. The exception to this is ResT, which is far less stringent and can resolve 
nine different telomere sequences found in the B. burgdorferi group of bacteria [15]. 
A conserved feature among all protelomerases is the palindromic nature of their 
substrate, with one protein molecule binding either side of the axis of symmetry 
to form a dimer. Interestingly, the TATAAT sequence of telomeres from N15 and 
φKO2 is also found in Borrelia. The significance of this is unconfirmed, although 
it has been suggested the nucleotides are important for protelomerase recognition 
[15]. For ResT, substitution of this sequence abolishes telomere resolution and 
mutating it to TTTAAT reduces the initial rate significantly [15]. Mutating the 6th 
and 7th nucleotide of this sequence within the TelN recognition site also produces a 
substrate the protein cannot process [26]. Despite functioning in different systems, 
TelN and TelK process highly similar target sequences, both of which are shown 
in Figure 2. These sites differ in length, but are identical in the center, and both 
protelomerases are capable of resolving each other’s natural substrate [27]. Given 
the high sequence similarity (86.9%) between TelN and TelK, this observation is not 
hugely surprising.

Comparison of the TelN and TelK telRL sequences, to the 42 base pair (bp) 
recognition site of the PY54 protelomerase indicates limited homology and this 
DNA cannot be processed by any of the other protelomerases [27]. However, Huang 
and colleagues found altering positions 15 and 16 of the PY54 target in the top 
strand, plus residues 28 and 27 of the bottom strand results in a substrate that is 
processed, although with limited efficiency, by TelK. They went on to suggest that 
TelN and TelK not only recognize these specific nucleotides, but also a cruciform 
DNA structure that is formed [27]. Although crystal structures of TelK have since 
discredited the suggestion that a cruciform structure is formed [21], this work is 
important in that it identifies the key nucleotides that are essential for telomere 
resolution by these enzymes.

Figure 2. 
Protelomerase recognition sequences. (a) The tos site for TelN. Gray boxes indicate three regions of repeated 
sequences flanking the telRL site, which contains the central 22-bp telO site highlighted in cyan. Figure adapted 
from [16]. (b) The cognate sequence of TelN (top) and TelK (bottom). Both protelomerases are capable of 
processing each other’s substrate. Two single point variations are shown in bold. In addition, the TelN natural 
substrate has six residues on each end.
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3.1 Minimal substrate

In vitro studies have also involved truncating target sites in order to identify the 
minimum sequence required for protelomerase binding and telomere resolution. To 
date, the minimal site identified that can be resolved, is a 26-bp substrate of TelA 
[7]. This was found by systematically deleting residues from both sides of the target 
sequence, until no product was produced. Similar studies have been performed 
on the TelN substrate. Figure 2 shows the complete telomere occupancy (tos) site, 
which consists of a 56-bp palindromic sequence flanked by a series of inverted 
repeats. Initially, it was believed that telO is insufficient for processing by TelN, and 
the reaction requires the whole telRL site [16]. However, it has since been found 
that at greater TelN concentrations, roughly 50-fold higher than those required 
for telRL, the telO substrate is processed [26]. This indicates telO contains all the 
necessary elements for telomere resolution, but the protein requires additional 
sequence for binding and recognition. The binding affinity of TelN is greater still 
when the whole tos site is included in the substrate [16]. Experiments performed 
using ResT have explored whether the protelomerase is able to mediate cleavage on 
half a target site. When this half site was in a plasmid, the assay failed to produce 
reaction products, therefore suggesting dimer formation is essential for activity and 
the whole palindromic sequence is required [28].

4. Linear genomes

In order to further appreciate how protelomerases function, it is necessary 
to understand their role in relation to the whole phage or bacterial cell life-cycle. 
Bacteriophage N15 has been extensively characterised and Figure 3 illustrates the 
different structures its genetic material forms upon infection of E. coli. The phage 

Figure 3. 
Forms of bacteriophage N15 DNA. Having infected an E. coli cell, the virion DNA circularizes, via 
complementary cos sites. Lytic or lysogenic replication can be initiated from the circular intermediate. Shown is 
the pathway for lysogeny, whereby the telRL is processed by protelomerases to form linear prophage DNA with 
covalently closed hairpin ends. Figure adapted from [1].
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DNA is a 46.4 kb chromosome that has two cohesive end sites (cos) consisting of 
12-nucleotide overhangs at each 5′-end. These sites are complementary and can be 
ligated to form circular DNA. This circular intermediate then acts as the starting 
material for either lytic (not shown in Figure 3) or lysogenic development. During 
lysogenic development the telRL site is recognized and processed by protelomer-
ases, this reaction forms a linear DNA structure with covalently closed ends. A simi-
lar genome arrangement has been identified for φKO2 [27], VP58.5 [29], VP882 [2] 
and PY54 [30]. These prophages all have cohesive (cos) ends that presumably enable 
the formation of similar structures as those described for N15. Interestingly, no cos 
site has been identified in the ΦHAP1 genome [31], therefore indicating a different 
mechanism of DNA packing. The discovery of terminase genes [31], suggests that 
headful packing may occur, whereby concatermeric DNA is packed into the phage 
capsid until it is full [32].

5. Bacteriophage N15 replication

Various models have been proposed to describe the replication and processing 
of linear DNA with hairpin telomeres [33]. Uncertainties arise about the specific 
mode of replication and whether it occurs uni- or bi-directionally. Other important 
factors that need to be determined are, where in the plasmid replication is initiated 
from and what the replication intermediates are. Bacteriophage N15 can be used as 
the model system to explore these questions, the general organization of its genome 
is shown in Figure 4. Genes have been largely identified by homology inferred from 
sequence similarity to other bacteriophages; mainly lambda, HK97 and HK002 [1]. 
The division between the left- and right-hand side of the N15 genome is marked 
by telRL. The left arm encodes structural proteins required for N15 head and tail 
assembly. The right-arm contains more unusual genes and only 10 of the 35 have 
identified homologs in other lambdoid phage [1]. These are therefore much harder 
to characterize, and it is yet to be determined how they all function during N15 
replication.

RepA is the only gene essential for replication of prophage N15 DNA [18]. It 
encodes a large, multifunctional protein that has both primase and helicase activi-
ties [35]. Sequence alignments have highlighted regions of RepA with similarities 
to both plasmid and viral DNA replication proteins [1]. Most notably, the phage 
P4 alpha protein [1] also has combined primase and helicase activities [36]. Phage 
P4 replication occurs by a theta-mechanism [37]. The similarities between alpha 
protein and RepA, combined with studies measuring amplification rates of DNA 
markers [18], strongly suggests that typical bidirectional theta-replication also 
occurs in N15 prophage. The origin of replication (ori) resides within the repA gene 
[18], which is located closer to the left hairpin end of the plasmid.

The gene telN encodes a 71 kDa protein that has partial homology to integrases 
and an amino acid sequence characteristic of those that bind DNA as homo- or 
hetero- dimers [38, 39]. This was correctly identified as the protelomerase encoding 

Figure 4. 
The chromosome of bacteriophage N15. 46.4 kb double stranded DNA with 12-bp single stranded cohesive 
termini (cosL and cosR). Arrows indicate the direction of transcription and the telRL site divides the sequence 
into left- and right-hand arms. Adapted from [34].
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3.1 Minimal substrate

In vitro studies have also involved truncating target sites in order to identify the 
minimum sequence required for protelomerase binding and telomere resolution. To 
date, the minimal site identified that can be resolved, is a 26-bp substrate of TelA 
[7]. This was found by systematically deleting residues from both sides of the target 
sequence, until no product was produced. Similar studies have been performed 
on the TelN substrate. Figure 2 shows the complete telomere occupancy (tos) site, 
which consists of a 56-bp palindromic sequence flanked by a series of inverted 
repeats. Initially, it was believed that telO is insufficient for processing by TelN, and 
the reaction requires the whole telRL site [16]. However, it has since been found 
that at greater TelN concentrations, roughly 50-fold higher than those required 
for telRL, the telO substrate is processed [26]. This indicates telO contains all the 
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half a target site. When this half site was in a plasmid, the assay failed to produce 
reaction products, therefore suggesting dimer formation is essential for activity and 
the whole palindromic sequence is required [28].

4. Linear genomes

In order to further appreciate how protelomerases function, it is necessary 
to understand their role in relation to the whole phage or bacterial cell life-cycle. 
Bacteriophage N15 has been extensively characterised and Figure 3 illustrates the 
different structures its genetic material forms upon infection of E. coli. The phage 

Figure 3. 
Forms of bacteriophage N15 DNA. Having infected an E. coli cell, the virion DNA circularizes, via 
complementary cos sites. Lytic or lysogenic replication can be initiated from the circular intermediate. Shown is 
the pathway for lysogeny, whereby the telRL is processed by protelomerases to form linear prophage DNA with 
covalently closed hairpin ends. Figure adapted from [1].
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DNA is a 46.4 kb chromosome that has two cohesive end sites (cos) consisting of 
12-nucleotide overhangs at each 5′-end. These sites are complementary and can be 
ligated to form circular DNA. This circular intermediate then acts as the starting 
material for either lytic (not shown in Figure 3) or lysogenic development. During 
lysogenic development the telRL site is recognized and processed by protelomer-
ases, this reaction forms a linear DNA structure with covalently closed ends. A simi-
lar genome arrangement has been identified for φKO2 [27], VP58.5 [29], VP882 [2] 
and PY54 [30]. These prophages all have cohesive (cos) ends that presumably enable 
the formation of similar structures as those described for N15. Interestingly, no cos 
site has been identified in the ΦHAP1 genome [31], therefore indicating a different 
mechanism of DNA packing. The discovery of terminase genes [31], suggests that 
headful packing may occur, whereby concatermeric DNA is packed into the phage 
capsid until it is full [32].

5. Bacteriophage N15 replication
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mode of replication and whether it occurs uni- or bi-directionally. Other important 
factors that need to be determined are, where in the plasmid replication is initiated 
from and what the replication intermediates are. Bacteriophage N15 can be used as 
the model system to explore these questions, the general organization of its genome 
is shown in Figure 4. Genes have been largely identified by homology inferred from 
sequence similarity to other bacteriophages; mainly lambda, HK97 and HK002 [1]. 
The division between the left- and right-hand side of the N15 genome is marked 
by telRL. The left arm encodes structural proteins required for N15 head and tail 
assembly. The right-arm contains more unusual genes and only 10 of the 35 have 
identified homologs in other lambdoid phage [1]. These are therefore much harder 
to characterize, and it is yet to be determined how they all function during N15 
replication.

RepA is the only gene essential for replication of prophage N15 DNA [18]. It 
encodes a large, multifunctional protein that has both primase and helicase activi-
ties [35]. Sequence alignments have highlighted regions of RepA with similarities 
to both plasmid and viral DNA replication proteins [1]. Most notably, the phage 
P4 alpha protein [1] also has combined primase and helicase activities [36]. Phage 
P4 replication occurs by a theta-mechanism [37]. The similarities between alpha 
protein and RepA, combined with studies measuring amplification rates of DNA 
markers [18], strongly suggests that typical bidirectional theta-replication also 
occurs in N15 prophage. The origin of replication (ori) resides within the repA gene 
[18], which is located closer to the left hairpin end of the plasmid.

The gene telN encodes a 71 kDa protein that has partial homology to integrases 
and an amino acid sequence characteristic of those that bind DNA as homo- or 
hetero- dimers [38, 39]. This was correctly identified as the protelomerase encoding 

Figure 4. 
The chromosome of bacteriophage N15. 46.4 kb double stranded DNA with 12-bp single stranded cohesive 
termini (cosL and cosR). Arrows indicate the direction of transcription and the telRL site divides the sequence 
into left- and right-hand arms. Adapted from [34].
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gene and in 2000, Deneke and colleagues purified its protein product [16]. TelN is 
capable of processing the 56-bp telRL site in both linear and circular supercoiled 
DNA [16]. To decipher the mechanism of N15 genomic replication, mutants 
deficient in this protein have been created [40]. In protelomerase-deficient cells, 
unprocessed replicative intermediates accumulate, the structures of which have 
been characterised as circular head-to-head dimer molecules [40].

Figure 5 describes how these linear N15 constructs may be replicated and pro-
cessed; it is consistent with the data cited above and proposes structures that have 
been validated by electron microscopy [18]. In pathway A, following replication of 
the telL site, TelN processes the DNA to create a Y-shaped structure. After duplica-
tion of telR, the right telomere is also modified to form the final linear product. 
Alternatively, in pathway B the whole DNA molecule has been replicated, producing 
a head-to-head circular dimer that is then resolved. Interestingly, this mechanism of 
replication is distinct from that described for eukaryotic replicons, even those with 
similar telomeric ends, therefore suggesting an independent evolution [18].

5.1 Lytic replication

A model of how N15 lytic replication could occur is proposed in pathway C 
of Figure 2. The DNA is duplicated and resolved into two circular monomers, as 
opposed to linear structures. These circular molecules are the starting material 
for subsequent cycles of amplification. This style of lytic replication is similar to 
that of phage lambda. This bacteriophage also circularizes its DNA upon entering 
the host cell, it has cos sites analogous to those of N15 [1]. Further similarities 
between N15 and lambda include: genome length, burst size, latent period, 
lysogenization frequency and phage particle and plaque morphology [38]. Their 
structural and packing proteins are also highly analogous, making it likely that 
N15 DNA packing follows a pathway similar to that of lambda [1]. It has even 

Figure 5. 
Model for lytic and lysogenic replication of N15 linear prophage. Bi-directional theta-replication begins at the 
internal ori site. A: Duplicated telL sites are processed before complete replication of genome. B: The template 
is completely duplicated prior to processing by TelN. C: Lytic replication, whereby circular monomers are 
produced that then undergo subsequent rounds of replication [18].
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been demonstrated that the N15 specific terminase can package lambda DNA 
with reasonable efficiency [41].

The key difference between N15 and lambda bacteriophage is that lambda 
integrates its DNA into the host genome, whereas N15 does not. Although protel-
omerases share some sequence homology with lambda integrases, and both appear 
to have comparable roles in helping establish prophage DNA, these proteins are not 
functional analogues. During lytic replication the lambda integrase is dispensable, 
in comparison the protelomerase of N15 is essential. This phenomenon has been 
proven by experiments showing N15 deficient in protelomerases are incapable of 
infecting E. coli cells [35], although why this is the case remains unclear. As the 
establishment of lytic growth requires the conversion of linear plasmid molecules 
to circular ones, it could be presumed a protelomerase mediated “telomere fusion” 
reaction occurs. However, TelK, which is highly analogous to TelN, is incapable of 
catalyzing this in vitro [21], it is therefore highly unlikely wild-type TelN is func-
tioning in this way. The possibility of an unknown factor modifying the protelom-
erase and/or its target site to prevent the usual processing reaction cannot be ruled 
out. In lambda, Xis, assisted by the host factor Fis, is necessary to induce excision 
during induction of a lysogeny [42]. Potentially, an analogue could be encoded by 
one of the N15 late genes [35], although experimental evidence to support this the-
ory is yet to be provided. However, it has been demonstrated that mutating histidine 
415 of TelN to an alanine results in accumulation of circular head-to-tail monomers 
[35]. This histidine is important for catalytic activity and is believed to coordinate 
the scissile phosphate [16]. Interestingly, its mutation does not have the same effect 
as mutating the catalytic tyrosine 424, which acts as the nucleophile in telomere 
resolution. When this residue is changed to an alanine, accumulation of circular 
dimers does occur, but in this case, they are “head-to-head” as opposed to “head-
to-tail” [35]. The significance of this observation is currently unknown. Given that 
TelN cannot be recycled [27], it has also been proposed that the protein’s depletion 
will result in fewer linear molecules being produced and a natural accumulation of 
head-to-head dimers, which can then be processed to circular structures [35].

5.2 N15 as a model for the replication of other linear plasmids

To what extent can the model of bacteriophage N15 be extended to describe 
the replication of other replicons with hairpin ends? Genomic sequence analysis 
of phage encoded protelomerases reveal little overall sequence similarity [43]. 
However, the organization of functional domains is analogous and they appear to 
have conserved regulatory regions [43]. This would suggest a shared mechanism of 
plasmid replication and lysogeny control [43]. Virions of φKO2, VP58.5, VP882 and 
PY54 have cohesive ends [27, 29, 2], which facilitate circularization and enable the 
formation of similar structures as those described for N15. The absence of cos sites 
in the ΦHAP1 genome has already been discussed and suggests a different mecha-
nism of DNA packing [31]. Importantly, these phages all have homologs of the N15 
protelomerase and replication protein RepA. The genes encoding these proteins are 
found between the lysogeny control region and structural gene cluster, as is the case 
is N15 [43]. Although yet to be confirmed by in vitro studies, given these similari-
ties it is sensible to suggest that replication of these linear phage plasmids follows a 
model comparable to that proposed for N15.

Further comparisons can be made between the suggested phage model and that 
of bacterial linear chromosome replication. B. burgdorferi has a linear chromosome 
[44], and it is replicated in a bi-directional manner to produce circular, head-to-
head intermediates [45], which are then processed by telomere resolution [46]. 
Here replication is also initiated at an internal ori site and the protelomerase, ResT, 
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been demonstrated that the N15 specific terminase can package lambda DNA 
with reasonable efficiency [41].

The key difference between N15 and lambda bacteriophage is that lambda 
integrates its DNA into the host genome, whereas N15 does not. Although protel-
omerases share some sequence homology with lambda integrases, and both appear 
to have comparable roles in helping establish prophage DNA, these proteins are not 
functional analogues. During lytic replication the lambda integrase is dispensable, 
in comparison the protelomerase of N15 is essential. This phenomenon has been 
proven by experiments showing N15 deficient in protelomerases are incapable of 
infecting E. coli cells [35], although why this is the case remains unclear. As the 
establishment of lytic growth requires the conversion of linear plasmid molecules 
to circular ones, it could be presumed a protelomerase mediated “telomere fusion” 
reaction occurs. However, TelK, which is highly analogous to TelN, is incapable of 
catalyzing this in vitro [21], it is therefore highly unlikely wild-type TelN is func-
tioning in this way. The possibility of an unknown factor modifying the protelom-
erase and/or its target site to prevent the usual processing reaction cannot be ruled 
out. In lambda, Xis, assisted by the host factor Fis, is necessary to induce excision 
during induction of a lysogeny [42]. Potentially, an analogue could be encoded by 
one of the N15 late genes [35], although experimental evidence to support this the-
ory is yet to be provided. However, it has been demonstrated that mutating histidine 
415 of TelN to an alanine results in accumulation of circular head-to-tail monomers 
[35]. This histidine is important for catalytic activity and is believed to coordinate 
the scissile phosphate [16]. Interestingly, its mutation does not have the same effect 
as mutating the catalytic tyrosine 424, which acts as the nucleophile in telomere 
resolution. When this residue is changed to an alanine, accumulation of circular 
dimers does occur, but in this case, they are “head-to-head” as opposed to “head-
to-tail” [35]. The significance of this observation is currently unknown. Given that 
TelN cannot be recycled [27], it has also been proposed that the protein’s depletion 
will result in fewer linear molecules being produced and a natural accumulation of 
head-to-head dimers, which can then be processed to circular structures [35].

5.2 N15 as a model for the replication of other linear plasmids

To what extent can the model of bacteriophage N15 be extended to describe 
the replication of other replicons with hairpin ends? Genomic sequence analysis 
of phage encoded protelomerases reveal little overall sequence similarity [43]. 
However, the organization of functional domains is analogous and they appear to 
have conserved regulatory regions [43]. This would suggest a shared mechanism of 
plasmid replication and lysogeny control [43]. Virions of φKO2, VP58.5, VP882 and 
PY54 have cohesive ends [27, 29, 2], which facilitate circularization and enable the 
formation of similar structures as those described for N15. The absence of cos sites 
in the ΦHAP1 genome has already been discussed and suggests a different mecha-
nism of DNA packing [31]. Importantly, these phages all have homologs of the N15 
protelomerase and replication protein RepA. The genes encoding these proteins are 
found between the lysogeny control region and structural gene cluster, as is the case 
is N15 [43]. Although yet to be confirmed by in vitro studies, given these similari-
ties it is sensible to suggest that replication of these linear phage plasmids follows a 
model comparable to that proposed for N15.

Further comparisons can be made between the suggested phage model and that 
of bacterial linear chromosome replication. B. burgdorferi has a linear chromosome 
[44], and it is replicated in a bi-directional manner to produce circular, head-to-
head intermediates [45], which are then processed by telomere resolution [46]. 
Here replication is also initiated at an internal ori site and the protelomerase, ResT, 
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Figure 6. 
Crystal structure of TelK dimer complexed with DNA. (a) Two monomers of TelK dimers at the recognition 
site and are held together by multiple transient protein-protein and protein-DNA interactions. The structure of 
each monomer is largely alpha helical, with mixed beta strands at the catalytic domain. (b) The same complex 
viewed from the N-terminus. The helical linker fits in the major groove of the DNA, it contacts the DNA on the 
opposite side to the rest of the protein. The structures presented were generated with using ChimeraX (Goddard 
et al., 2018) PDB ID: 2v6e [21].

is known to be essential [47]. These findings indicate a shared fundamental mecha-
nism of genomic replication between N15 and Borrelia. Nonetheless, discrepancies 
between the different systems have been highlighted. For one, in these bacterial 
cells the protelomerase is encoded, not on the same DNA construct it processes, 
but on a different circular plasmid, cp26 [3]. In addition, the possibility of Borrelia 
accessory factors influencing telomere resolution was suggested, following the 
observation that differential processing occurs in vitro compared to in vivo [15]. 
Potentially this could be a result of in vitro conditions not completely reconstruct-
ing those occurring in vivo. However, if correct it would indicate important dis-
crepancies between how bacterial and phage protelomerases are regulated.

6. Structural data

6.1 X-ray crystallography

The X-ray structures described for both TelK and TelA have greatly enhanced 
our understanding of the protelomerase mechanism [21, 22]. The structure of TelK 
(from phage φKO2), is shown in Figure 6; crystallized in a dimer conformation 
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complexed with the minimal cognate DNA sequence of 44-bp [PDB: 2V6E]. TelK 
has been divided into three core domains, all of which make contact with the 
DNA. These include, the muzzle at the N-terminus, the catalytic domain in the 
center, and the stirrup domain at the C-terminus. A long alpha-helical linker is also 
highlighted, and this connects the core catalytic and N-terminal domains.

One of the most striking observations of this structure is the level distortion: 
DNA is bent at roughly 73° parallel to the axis of symmetry [21]. This provides a 
valuable insight into the mechanism of telomere resolution by TelK and would 
appear to refute previous theories that the DNA is forced into a cruciform confor-
mation [27]. Core substrate binding occurs at the N-terminus and the muzzle makes 

Figure 7. 
TelK substrate recognition. One half of the TelK recognition sequence, nucleotides forming hydrogen bonds to 
protein are highlighted in cyan and those forming van der Waals interactions, in pink. Multiple amino acids 
interact with the DNA backbone and are not shown, those forming bonds with the bases are illustrated in red. 
Adenine at position 42 is circled, this residue forms hydrogen bonds with serine 68 of TelK and is therefore 
important for site recognition. Adapted from [21].
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center, and the stirrup domain at the C-terminus. A long alpha-helical linker is also 
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Figure 8. 
Dimers of TelK and TelA complexed with DNA. The DNA is forced into the same disjointed structure down its 
helical axis [22]. The structures presented were generated with UCSF Chimera (Pettersen, at al., 2004) using 
PDB 2v6e (TelK) [21] and 4e0p (TelA) [22].

extensive contacts with the opposite subunit, strengthening the protein’s structure 
and pushing the DNA into this strained conformation. The catalytic site is formed 
at the dimer interface, it binds to the opposite side of the substrate relative to the 
N-terminus and the helical linker that connects these two domains is fixed in the 
major groove. Extensive electrostatic interactions mediate the interaction.

Closer examination of the interactions between the DNA and protein reveal 
seven nucleotides that form hydrogen bonds with nearby residues (shown in cyan in 
Figure 7) and are presumed key for substrate recognition. This model is supported 
by the previously cited studies, whereby the natural PY54 substrate was effectively 
mutated into a sequence that could be processed by TelK. Adenine at position 42 
is circled; this is one of the bases identified as forming hydrogen bonds with TelK 
and is one of the points that required mutating in order to form a cognate sequence. 
High salt has been shown to inhibit telomere resolution by protelomerases [16], this 
is possibly reflected by the extensive hydrophilic protein-DNA interactions that 
would be disrupted by an excess of ions.
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The stirrup domain of TelK has a winged helix-turn-helix motif [21], it makes 
few contacts with the rest of the protein but extends the DNA binding interface. In 
stabilizing the strained substrate conformation, this part of the protein aids hairpin 
formation; however, it is nonessential for the cleavage reaction [21]. Following 
strand cleavage, the stored energy is released, and this drives dimer dissolution 
which is proceeded by spontaneous hairpin formation. The stirrup is not conserved 
among protelomerases and this provides further evidence to support the theory that 
the mechanism of telomere resolution varies between different systems.

The structure of the bacterial protelomerase, TelA has also been described 
via X-ray crystallography. TelA is considerably smaller than TelK, it lacks the 
stirrup and only consists of the catalytic and N-terminal domains. This design is 
similar to that of tyrosine recombinases, which are also typically composed of two 
domains [48]. The N-terminal 100 residues are poorly resolved in comparison to 
the rest of the protein, this area of low electron density suggests flexibility of the 
polypeptide chain. Comparing dimer substrate complexes of TelA to those of TelK 
(Figure 8) reveals a similar DNA conformation at the dimer interface. Extensive 
hydrogen bonds and van der Waals interactions are also involved in dictating the 
substrate specificity of TelA and the DNA exhibits the same disjunction down its 
helical axis [22].

6.2 Catalytic domain

The catalytic domain of TelK is a mixed alpha beta structure. Figure 9 shows the 
core catalytic residues of TelK R275, K300, K380, R383 and H416. These act together 
to maintain catalytic activity and coordinate nucleophilic attack of the tyrosine. 
Side chains of the basic amino acids at positions one, three and four provide a 
hydrogen bonding network that coordinates the scissile phosphate and stabilizes the 
transition state [22]. In type IB topoisomerases, the pentad is usually composed of 
RKKRH/N [49], with basic residues 1 and 3 having the same stabilization effect. In 
these proteins, the second lysine residue has been shown to donate a proton to the 

Figure 9. 
Conformation of protelomerase active site residues. The residues of TelK, R275, K300, K380, R383 and H416 
maintain the active site conformation and coordinate nucleophilic attack of the tyrosine. The structures 
presented were generated with ChimeraX (Goddard, T et al., 2018) using PDB 2v6e [21].



Bacteriophages - Perspectives and Future

64

Figure 8. 
Dimers of TelK and TelA complexed with DNA. The DNA is forced into the same disjointed structure down its 
helical axis [22]. The structures presented were generated with UCSF Chimera (Pettersen, at al., 2004) using 
PDB 2v6e (TelK) [21] and 4e0p (TelA) [22].
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is possibly reflected by the extensive hydrophilic protein-DNA interactions that 
would be disrupted by an excess of ions.
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5′-OH leaving group, which aids its removal during cleavage [50]. It is feasible that 
the lysine in the protelomerase’s active site, with its side chain positioned between 
the DNA O5’ and nonbridging oxygen, also functions in this way and protonates the 
leaving group [21].

These crystal structures are invaluable when trying to decipher the mecha-
nism of protelomerase-catalyzed telomere resolution. TelN and TelK have highly 
homologous sequences and can process the same target site [27], it is therefore 
likely the structures of these enzymes are analogous and information about TelN 
can be derived from examining the TelK structure. However, is important to note 
that the crystallized structure of TelK is not full length and lacks 100 residues from 
the C-terminus. This does not appear to significantly affect protein activity in vitro 
[21], but the significance in vivo is unconfirmed.

7. Evolutionary history

It is widely believed Tyrosine recombinases and type IB topoisomerases have 
arisen from a common ancestor [50]. These structurally and mechanically analo-
gous proteins catalyze important DNA rearrangements, they use an active site tyro-
sine residue and form covalently bound protein-DNA intermediates. Similarities 
between this mechanism, and that of protelomerases, has led to the suggestion that 
these protein classes have a shared evolutionary relationship [51].

Key to the function of tyrosine recombinases is the conserved catalytic motif: 
“RKHRH” [52, 53]. Crystal structures and sequence alignments reveal that pro-
telomerases share this catalytic pentad [27], with exception of the middle residue, 
which varies between systems. Deviation at this central point is also observed in 
tyrosine recombinases, where the central histidine may be replaced by an argi-
nine, asparagine, lysine or tyrosine. In protelomerases; TelN and TelK both have a 
methionine at this position, PY54 contains a lysine, VHML has a histidine and the 
bacterial protelomerases of B. burgdorferi and A. tumefaciens, have a tyrosine. It has 
been found substituting the tyrosine to a histidine or lysine in TelA is completely 
tolerable and results in no loss of activity [7]. Whether these variations are of 
significance is yet to be determined.

Structural comparisons outside of the catalytic domain reveal low overall 
sequence homology at both the N- and C- terminus. ResT is smaller than the phage 
proteins, partial proteolysis separates the 449 amino acid protein into two domains 
[54], and sequence analysis predicts its architecture is more comparable to that 
typical of tyrosine recombinases. In addition, this protein has the unusual and 
surprising ability to synapse Holliday Junctions [51]. The reaction appears to be 
favored in conditions that are counterproductive to telomere resolution, such as 
negative supercoiling, or unsymmetrical telR sites [51]. This observation provides 
compelling evidence for the argument that ResT may have evolved from a recom-
binase [51]. Although the significance of Holliday Junction formation by ResT is 
still under investigation, it has been suggested this could be an obsolete ancestral 
property of the protein [4]. Additional evidence highlighting a relationship between 
tyrosine recombinases and protelomerases comes from the Flp recombinase and 
lambda integrase. It has been found that, under specific conditions, these enzymes 
have the ability to form hairpin products [55, 56]. Thus, indicating the relative ease 
with which recombinases may be converted to telomere resolving enzymes.

In ResT, additional catalytic residues outside of the core pentad are required for 
telomere resolution [57]. This indicates digression from a typical tyrosine recom-
binase type mechanism. Furthermore, mutation of ResT histidine 324, the fifth 
residue of the catalytic motif does not result in total loss of activity [57]. This would 
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mark an obvious disparity between these two classes of enzymes, if it was not for 
the observation that this residue is also not essential in Flp recombinases [58]. Here 
it appears the final amino acid has a structural rather than catalytic role [58], which 
could be mirrored in ResT.

Analysis of the DNA substrates reveal further fundamental differences between 
protelomerases and tyrosine recombinases. Aside from ResT, which it has been 
suggested can act on more than one target site, protelomerases are specific and have 
stringent substrate sequence requirements. The target site of one recombinase often 
includes many other related points, such as phage or bacterial attachment sites. 
Furthermore, the reaction is intramolecular and can require auxiliary proteins [59]. 
This implies a mechanism more involved and complex than that of telomere resolu-
tion. The reaction catalyzed by type IB topoisomerases is considerably simpler, as 
these proteins act as monomers [60] and do not display the same sequence specific-
ity as protelomerases.

In conclusion, there are key differences between the catalytic mechanism of 
protelomerases and tyrosine recombinases/type IB topoisomerases. However, 
there are also significant similarities and whether these proteins have evolved from 
a common ancestor is difficult to determine. It is expected that the conversion 
of a tyrosine recombinase to an enzyme capable of telomere resolution would be 
accompanied by the linearization of plasmid DNA [4]. The data suggesting this 
could be achieved with relative ease adds support to the argument these proteins are 
related. Under certain conditions, recombinases can have topoisomerase activity, 
and topoisomerases can affect DNA strand exchanges [27]. This raises an interest-
ing question as to whether protelomerases, under the correct conditions, may also 
be able to exhibit topoisomerase activity [27].

8. Applications in biotechnology

The unique properties of protelomerases, and the DNA structures they produce, 
makes them a valuable class of protein that have important applications in synthetic 
biology and biotechnology. Linear DNA does not exhibit the supercoiling associated 
with plasmids, as the ends are free to rotate. This makes them stable vectors invalu-
able for cloning difficult sequences. DNA that is rich in adenine and thymidine, or 
contains lots of short tandem repeats is typically hard, if not impossible, to clone 
into circular vectors [10]. A commercially available cloning vector, pJAZZ from 
Lucigen, is based on the linear N15 phage genome. pJAZZ is sold as part of a cloning 
system (BigEasy Kit), enabling the insertion of otherwise unclonable sequences 
into the vector for the creation of viable linear plasmids that can be transformed 
into cells. pJAZZ vectors encode RepA and TelN, essential for bidirectional replica-
tion and telomere resolution. Transcriptional terminators flank the cloning site, 
thus minimizing interference and preventing transcription into and out of this 
region. These modifications extend the cloning possibilities and allow for the inser-
tion of large cDNAs or operons [10].

The pJAZZ system has been further modified to specifically enhance its 
efficiency for the production of in vitro transcribed (IVT) mRNA. IVT mRNA 
is a powerful therapeutic tool, enabling the transient expression of heterologous 
proteins [61, 62]. However, in order to optimize translation efficiency and mRNA 
stability, the poly(A) tail length of the mRNA needs to be defined and optimized 
[63]. In particular, mRNA with poly(A) tails >300 nucleotides and purines at the 
3′ end have been demonstrated as highly effective and appear to exhibit improved 
translation properties compared to those with shorter poly(A) tracts [64]. Due to 
its linear structure, a pJAZZ derived plasmid, called p(Extended Variable Length) 
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(pEVL), can create poly(A) tracts of up to 500 bps in length. Furthermore, the resi-
dues at the 3′ end can be defined as either adenine or guanine. This has a significant 
advantage over conventional circular DNA, which cannot incorporate more than 
174 bp of poly(A) tract without conferring extreme instability [64].

Mediphage Bioceuticals is a genetic medicine company that has also utilized 
the unique DNA processing capability of protelomerases for their technology. 
They have developed a one-step in vivo platform to produce linear covalently 
closed constructs, called ministring DNA [65]. These constructs are produced in 
E. coli cells that have been engineered to express the PY54 protelomerase under 
the control of a heat-inducible promoter. Following induction, the protelomerase 
processes precursor plasmids in the cell, in doing so it effectively separates the 
desired expression cassette from the bacterial plasmid backbone. The ministring 
DNA can then be purified and used as a vector for gene or cell therapies and gene 
editing. Although ministring production is reliant on large scale bacterial fermen-
tation, the absence of bacterial DNA elements render these constructs preferential 
to plasmid DNA for medicinal applications. Furthermore, the constructs are 
typically smaller than plasmids, this enhances their transfection efficiency thus 
making them less toxic, as fewer transfection reagents are required [12]. They 
are also more resistant to the shear-induced degradation that large plasmids are 
highly susceptible to [66].

Another in vivo application of protelomerases has been explored by Katzen at 
colleagues, who used TelN to fragment an E. coli chromosome into smaller, autono-
mous units [67]. These proof of concept experiments were designed as a solution to 
the considerable difficulties associated with synthesizing and manipulating large, 
stable genetic elements. In splitting the chromosome into two smaller units, which 
together contain the essential components required for cell viability, they signifi-
cantly simplified the problem. Not only are the smaller units of genetic material 
easier to manipulate, but each episome is of a size that it can be assembled without 
the need for an assembly host. This work may be extended to fragment and linear-
ize other genomic elements of interest, in particular for the study of large units, 
>2 Mbp, which at present cannot be assembled and maintained in any biological 
platform [67].

Touchlight Genetics Ltd. has also utilized protelomerases for their technology. 
The platform they have developed is a purely in vitro DNA production process that 
eliminates all the major problems associated with using bacterial fermentation for 
DNA amplification. Their cell-free technology uses a phage DNA polymerase from 
Phi29 to produce large amounts of DNA concatemers from small amounts of start-
ing plasmid DNA template. DNA concatemers are processed by the protelomerase 
TelN, to create linear covalently closed constructs that are marketed as dbDNA. The 
closed ended linear DNA construct is able to encode long, difficult DNA sequences 
which are not tolerated in high yield production of plasmid DNA due to selection 
pressures. The in vitro amplification technology produces DNA containing no 
bacterial origin of replication sequences or antibiotic selection marker. These vec-
tors are capable of immunizing against influenza infection, with a response com-
parable to that of plasmid DNA [68], as well as improving tumor growth control in 
a Human papillomavirus (HPV) driven head and neck cancer model by delivering 
a therapeutic vaccine encoding for HPV16 E6 and E7 antigens [69]. Furthermore, 
dbDNA constructs have been used to generate functional lentiviral vectors [14] and 
are promising candidates for the production of recombinant adeno-associated virus 
(AAV) vectors [13]. This platform could therefore be important for gene therapy 
[70, 71] and this synthetic process for DNA production will have a broad range of 
application within the wider synthetic biology field.
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9. Conclusion

Protelomerases are an interesting and unique class of protein. In forming 
telomeric structures at the ends of linear plasmids, they protect the genetic material 
from degradation and provide a novel solution to the end replication problem. They 
have also been implemented as an essential component of certain human pathogens 
and have important applications in synthetic biology. Despite this, protelomerases 
remain poorly characterised and many questions about their structure, function, 
mechanism and evolutionary history remain unanswered.

Much of our current knowledge has been obtained by combining information 
from crystal structures, analysing sequences and performing in vitro assays with 
protein and substrate variations. The results of these studies have enabled us to 
compare the protelomerases from different systems and it is clear that there is much 
variety within this protein family. In particular, ResT has been identified as having 
additional, largely unexplainable, functionality aside from telomere resolution. 
Potentially further characterization of the other protelomerases will lead to similar 
revelations.

Biochemical analysis of protelomerases from ΦHAP1, PY54 and VP58.2, will 
shed further light on the underlying properties that differentiate these telomere 
resolving enzymes. Such work could also explore the evolution of protelomerases 
and prokaryotes with linear plasmids. Similarities in the genome organization of 
telomere phage suggest a common ancestor [43] and whether the bacterial proteins 
originated from these is currently unknown. Introducing different phage into the 
same cell and determining their compatibility can give insight into evolutionary 
background [72]. An understanding of the relationship between phage lambda and 
telomere phage, in particular N15, will provide an interesting and important insight 
into how plasmid and phage can interact and evolve.

Crystal structures of TelK and TelA provide a solid starting point for research 
aiming to solve structures of protelomerases. These can also be used for homol-
ogy modeling to infer information about proteins with high sequence similarities. 
Advances in the field of synthetic biology and protein engineering make detailed 
knowledge of these proteins even more valuable. An increased understanding of 
how they operate, and which parts are responsible for specific functionalities, will 
open up opportunities to produce variants with altered activities.

Appendices and nomenclature

dbDNA doggybone DNA
bp  base pair
Tos  Telomerase occupancy site
Cos  cohesive end sites
Ori  origin of replication
IVT  in vitro transcribed
pEVL p(Extended Variable Length)
AAV  adeno-associated virus
HPV  Human papillomavirus
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Chapter 5

Scale-Up and Bioprocessing of 
Phages
John Maxim Ward, Steven Branston, Emma Stanley  
and Eli Keshavarz-Moore

Abstract

A profusion of new applications for phage technologies has been developed 
within the last few years, stimulating investigations into the large-scale production 
of different phages. Applications such as antibiotic replacement, phages as gene 
therapy vectors, phages as vaccines, diagnostics using filamentous phages and novel 
optical applications such as the phage laser may need grams to kilogrammes of 
phage in the future. However, many of the techniques that are used for the growth 
and purification of bacteriophage at small scale are not transferable to large-scale 
production facilities of phage in industrial processes. In this chapter, the stages 
of production that need to be carried out at scale are examined for the efficient 
large-scale fermentation of the filamentous phage M13 and the Siphoviridae phage 
lambda (λ). A number of parameters are discussed: the multiplicity of infection 
(MOI) of phage to host cells, the impact of agitation on the initial infection stages, 
the co-growth with phage rather than static attachment, the use of engineered host 
cells expressing nuclease, the optimisation of both the quantity and the physiology 
of the E. coli inoculum and phage precipitation methods.

Keywords: phage, PEG precipitation, nuclease, filamentous phage, lambda,  
phage diagnostics, phage laser, fermenter

1. Introduction

Bacteriophages, often shortened to just phages, are viruses that infect bacteria. 
Their discovery and characterisation in the early days of bacterial molecular biology 
has led to certain phages being very well understood in terms of their life cycle, and 
several phages that infect Escherichia coli have become tools in molecular biology 
techniques such as cloning [1–3]. There has been a resurgence recently in the use 
of bacteriophages as therapeutics, as vectors for the delivery of vaccines [4], for 
the killing of pathogenic bacteria as an alternative to antibiotics [5] and for gene 
therapy to transfer DNA to target human or animal cells [6]. Some of these uses 
would need the production of many millions of doses of a vaccine, for example, 
or very large quantities for use as an antibacterial. This has increased demand for 
investigation into the large-scale production of bacteriophage which would necessi-
tate volumes from hundreds to thousands of litres. The use of phage as biotherapeu-
tics such as vaccines or for gene therapy may be advantageous as phage is considered 
cheap to manufacture, with large quantities of the product being rapidly produced. 
But the large-scale production of wild type or genetically modified bacteriophages 
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for use in the biotherapeutics industry provides significant process and regulatory 
challenges. Bacteriophages, like any virus, are dependent on a host organism to 
propagate, in the examples here it is E. coli; consequently, the generation of progeny 
bacteriophage is unequivocally linked to the physiology, molecular biology and 
growth needs of the host which are important to understand in order to maximise 
production.

Methods for the production of phages, e.g. λ and M13 bacteriophage, at labora-
tory production scale have remained unchanged for many years [7]. However, 
aspects of these protocols are either not practical or unsuitable for large-scale 
production of phages. Therefore, it is highly desirable to consider early on in the 
development of phage technologies how any successful bacteriophage therapeutic 
would be produced at large scale at an industrial level.

One of the problems associated with producing and using λ as a biotherapeutic is 
the issue of host-derived nucleic acid. The λ lifecycle [8] involves the phage progeny 
escaping from the host cell by lysis of the bacteriophage host, whereupon the cell 
contents including high-molecular-weight host chromosomal DNA and RNA are 
released into the culture supernatant. This significant quantity of host cell-derived 
nucleic acid can cause important problems for both downstream processing [9] 
and from a regulatory point of view [10], so reducing the presence of bacterial host 
nucleic acid in the first stages of the process stream would remove these issues.

M13 is an unusual phage because it does not lyse its host and the entire phage is 
secreted from the host bacterium through special pores spanning the cell wall [11] 
although this does make the culture supernatant relatively free of contaminating 
host cell material, unlike the supernatant in a λ fermentation. In both lytic and 
secreted phage production the first downstream stage is the concentration of the 
phage from whatever volume of growth medium was used to grow the infected 
cells. Filamentous phage such as M13 has a very asymmetric shape with wild-type 
M13 having a length to width ratio of 138:1 and this extreme asymmetry allows a 
mild precipitation using polyethylene glycol (PEG) [12].

In this paper we present initial studies into the parameters that need to be 
manipulated for scaling up fermentation of M13 phage for industrial production.

2. Lambda phage

Lambda (λ) bacteriophage is a temperate phage with a double-stranded (ds) 
genome of approximately 48 kb [13]. This is encapsulated in an icosahedral capsid 
(~50 nm in diameter) with a long flexible non-contractile tail (~150 nm in length). 
The host for λ production is E. coli with infection by lambda phage taking place 
via the maltose binding protein, LamB. Lambda bacteriophage is one of the most 
intensely studied bacteriophages and has been used for many studies on uncovering 
basic molecular biology [14] and in biotechnology for phage display of peptides and 
proteins [15], vaccine [16] and gene transfer and therapy [6].

The large-scale production of genetically modified lambda bacteriophage for 
use in the biotherapeutics industry provides significant process and regulatory 
challenges.

One of the problems associated with producing and using lambda bacteriophage 
as a biotherapeutic is the issue of host-derived nucleic acid. The lambda lifecycle 
involves the cell lysis of the bacteriophage host, whereupon high-molecular-weight 
host chromosomal DNA is liberated into the culture supernatant. The presence of 
large quantities of host cell-derived nucleic acid can cause significant problems 
during processing as high-molecular-weight chromosomal DNA causes an increase 
in the cell lysate viscosity [9]. Furthermore, the presence of nucleic acid in the final 
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product is non-desirable from a regulatory perspective [10], and thus reducing its 
presence in the first stages of the process stream would alleviate these issues. The 
lysis of the host E. coli cell and the release of intracellular contents (DNA, RNA 
and proteins) as well as fragments of cell wall will have detrimental effects when 
processing lambda. For example, intracellular contents can co-precipitate with 
the phage, can compete for binding sites on chromatography material and can 
block membranes and chromatography columns. These contaminants need to be 
taken into consideration when planning a large-scale purification and downstream 
processing protocol.

3. M13: a filamentous bacteriophage

M13 is an unusual phage as it has a filamentous structure of 900 nm in length 
and 6.5 nm in width. It is a member of a small group of closely related phages 
including F1 and Fd [17] that infect E. coli. The genome is a single-stranded circular 
DNA molecule, and the length of the phage (but not its width) is simply determined 
by the size of the page genome. Short phage particles can be made using plasmids 
that contain just the replication origin and packaging signals, and phage particles 
longer than the wild type can be made by inserting DNA sequences into the phage 
genome. It was thought that the very long but thin shape of M13 and other filamen-
tous phages would increase their shear sensitivity in the various kinds of industrial-
scale processing equipment of pumps, continuous centrifuges and membrane 
filters. This was seen not to be the case [18] which is highly advantageous for large-
scale downstream processing of this and other filamentous phages. Filamentous 
phages have a rather special property in that they do not lyse their host, but set up 
a permanently infected state, and new, progeny phage is extruded through special 
structures in the cell wall. Derivatives of M13 phage were extensively used in the 
early years of DNA sequencing by the Sanger method [19] and in the techniques of 
site-directed mutagenesis [20] and phage display [21] for the maturation of recom-
binant antibodies [22].

The unusual mode of growth of filamentous phage by secretion from the host 
without lysis has considerable advantages for these molecular biology methods 
because the phage in the supernatant of growing cells is relatively free of any cel-
lular contaminants [23] such as intracellular proteins, genomic DNA and RNA. This 
makes the purification of filamentous phage a relatively simple matter with many 
fewer contaminants than phage λ cultures.

4. Multiplicity of infection (MOI)

The multiplicity of infection or MOI is the number of phage particles added per 
host cell to initiate infection and thus production. The methods developed for the 
uses of phage λ and M13 at small scale or a few mL generally tend to use a high MOI 
of 5–10 or more. The MOI is important for scale-up as it defines how large the cul-
ture that provides the phage for the scale-up needs to be. It is neither desirable nor 
sensible to have to grow a fermenter of phage to inoculate a slightly larger fermenter 
in the final preparation. Also with a large MOI of just under 10, we reach the point 
where there will be enough phage for every cell to be infected, and at that MOI we 
can only expect a single burst of phage particles for lytic phage and therefore only a 
small increase in the number of phage added. With an MOI of 1, only 63% of cells 
will be infected by one or more phages because there is a Poisson distribution of 
MOI to infected cells [24]. But some phages have many binding sites per cell, e.g. 
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processing protocol.
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M13 is an unusual phage as it has a filamentous structure of 900 nm in length 
and 6.5 nm in width. It is a member of a small group of closely related phages 
including F1 and Fd [17] that infect E. coli. The genome is a single-stranded circular 
DNA molecule, and the length of the phage (but not its width) is simply determined 
by the size of the page genome. Short phage particles can be made using plasmids 
that contain just the replication origin and packaging signals, and phage particles 
longer than the wild type can be made by inserting DNA sequences into the phage 
genome. It was thought that the very long but thin shape of M13 and other filamen-
tous phages would increase their shear sensitivity in the various kinds of industrial-
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The unusual mode of growth of filamentous phage by secretion from the host 
without lysis has considerable advantages for these molecular biology methods 
because the phage in the supernatant of growing cells is relatively free of any cel-
lular contaminants [23] such as intracellular proteins, genomic DNA and RNA. This 
makes the purification of filamentous phage a relatively simple matter with many 
fewer contaminants than phage λ cultures.

4. Multiplicity of infection (MOI)

The multiplicity of infection or MOI is the number of phage particles added per 
host cell to initiate infection and thus production. The methods developed for the 
uses of phage λ and M13 at small scale or a few mL generally tend to use a high MOI 
of 5–10 or more. The MOI is important for scale-up as it defines how large the cul-
ture that provides the phage for the scale-up needs to be. It is neither desirable nor 
sensible to have to grow a fermenter of phage to inoculate a slightly larger fermenter 
in the final preparation. Also with a large MOI of just under 10, we reach the point 
where there will be enough phage for every cell to be infected, and at that MOI we 
can only expect a single burst of phage particles for lytic phage and therefore only a 
small increase in the number of phage added. With an MOI of 1, only 63% of cells 
will be infected by one or more phages because there is a Poisson distribution of 
MOI to infected cells [24]. But some phages have many binding sites per cell, e.g. 
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T4 has 105 molecules of OmpC to bind to [25], while M13 only has approximately 3 
[26], so the kinetics of phage finding and attaching to bacteria and forming a pro-
ductive infection are quite complex. There are 30,000 LamB proteins in the outer 
membrane which is the initial receptor for λ but many fewer copies of the mannose 
receptor, ManY, in the inner membrane which is where the DNA of λ crosses the 
inner membrane [27, 28]. For M13 the receptor is the tip of the F plasmid’s transfer 
pilus, and there are usually one or two F pili per cell. But once M13 has established 
its replication inside an E. coli host, the cell is then permanently infected and will 
continue to secrete phage from these intact cells.

Under ideal conditions the burst size of λ phage particles is 170 +/− 10 which 
takes 51 min [29], and during this time uninfected cells will still be growing and 
dividing, providing new hosts for the phage that are released. To get repeated rounds 
of replication, the ideal cell numbers and MOI for each phage are different and take 
into account cell division rates, numbers of receptors, the choice between a lytic and 
lysogenic cycle in phages where those can take place, the burst size and rate of repli-
cation and maturation of the phage. This complex interaction of several parameters 
means that it is difficult to say a priori what the combination of cells, phage and time 
of addition is the most appropriate for a given size of growth chamber.

Figure 1 shows the relationship between the host E. coli and MOI of M13.
The graph of MOI and final phage production in Figure 1 shows that from a 106 

range of MOI added at the start of growth in Figure 1, all three cultures reach the same 
final M13 phage titre. It just takes slightly longer for the lower MOI cultures to reach 
the final of approx. 5 × 1011 phage per mL. This has important consequences for scale-
up of M13 production. For example, if a large fermenter of, say, 100 L were needed and 
the MOI of 50:1 was needed, we would need to have 500 mL of the equivalent inocu-
lum used here. The information from Figure 1 shows that we can use just 0.5 mL of 
the same titre inoculum or much less, e.g. down to a few microlitres. For convenience 
it is best to inoculate a fermenter with enough in terms of volume that will reach the 
medium in the fermenter, so a few millilitres of a phage dilution are all that is needed. 
This means that one phage stock can be used for multiple fermentation runs.

Figure 1. 
Titre of M13 produced from different MOI on E. coli TOP10 F′. M13 phage was prepared from a 400 mL 
culture of E. coli TOP10 F′ and precipitated with PEG 6000 at a final concentration of 3.3% and 330 mM 
NaCl. The precipitated phage was centrifuged at 14,000 ×g for 10 min at 4°C and resuspended in 8 mL of 
10 mM Tris.HCl pH 7.5 and filtered through a 0.22 μm filter. The stock of M13 was approximately 1 × 1012  
pfu/mL. E. coli TOP10 F′ was grown in 400 mL of Nutrient Broth No. 2 (Oxoid) and a 40-mL inoculum in 
2-L shake flask at 37°C. Around 2 mL of M13 was added at the appropriate dilutions to achieve the three 
different MOI of 0.00005:1, 0.05:1 and 50:1. Each point is the average of three flasks.
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5. Initial phage binding and infection in fermenters

The standard way of initiating infection of λ or M13 is to mix the phage and 
cells and allow a static incubation for usually 5–15 min for phage attachment to the 
phage binding target on the cell surface. The phage/cell mixture is then added to 
broth if liquid growth is desired or to 3 mL of soft agar and poured onto an agar 
plate if plaques are wanted. This static incubation is in the recipes for all phages 
being handled at the lab scale and probably came about because researchers thought 
it would maximise the attachment of phage to their host. However, in a fermenter 
it is not sensible to turn off the stirrer and let the cells sit for 15 min while phage 
attachment takes place. We tested what would happen if M13 phage were simply 
added directly to shaking cultures of E. coli JM107 without stopping the shaking and 
comparing this with a static attachment/incubation of 30 min.

Figure 2 shows this experiment with three different inocula of M13 phage giving 
MOI ranging over a 106 range.

It is clear from Figure 2 that the static incubation is not needed for the initial 
attachment of M13 to sensitive E. coli, and so the required dose of M13 phage can be 
directly added to a fermenter with the E. coli host already growing with the impeller 
stirring. The culture which will be stirred at a high rate does not need to be stopped 
and left to go static for 15–30 min. This would compromise the growth of the cells in 
a large fermenter, and so our findings give a positive help for the scale-up of phage 
and the way one can run a large fermenter where procedures have to be different 
from what is done at small scale in the molecular biology lab.

6. Nuclease-producing E. coli

The above sections on MOI and removing the necessity for a static attachment 
of phage were shown with M13 as examples. The M13 phage does not lyse its host, 
so the culture medium after infection is uncontaminated by the bulk of the host cel-
lular contents and largely contains just the filamentous M13 bacteriophage particles. 
We have examined the supernatants from M13-infected cultures and determined 
the levels of host cell contaminants of DNA and protein [23] which are quite low 

Figure 2. 
Static versus shaking incubation of M13 with E. coli TOP10 F′. The conditions and culture quantities were 
identical to those shown in Figure 1 with the addition of three conditions at each MOI where the M13 phage 
was added and left for 30 min static incubation. These cultures for the static incubation were then grown with 
shaking at 200 rpm in a 37°C orbital incubator. Each point is the average of three flasks.
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Titre of M13 produced from different MOI on E. coli TOP10 F′. M13 phage was prepared from a 400 mL 
culture of E. coli TOP10 F′ and precipitated with PEG 6000 at a final concentration of 3.3% and 330 mM 
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5. Initial phage binding and infection in fermenters

The standard way of initiating infection of λ or M13 is to mix the phage and 
cells and allow a static incubation for usually 5–15 min for phage attachment to the 
phage binding target on the cell surface. The phage/cell mixture is then added to 
broth if liquid growth is desired or to 3 mL of soft agar and poured onto an agar 
plate if plaques are wanted. This static incubation is in the recipes for all phages 
being handled at the lab scale and probably came about because researchers thought 
it would maximise the attachment of phage to their host. However, in a fermenter 
it is not sensible to turn off the stirrer and let the cells sit for 15 min while phage 
attachment takes place. We tested what would happen if M13 phage were simply 
added directly to shaking cultures of E. coli JM107 without stopping the shaking and 
comparing this with a static attachment/incubation of 30 min.

Figure 2 shows this experiment with three different inocula of M13 phage giving 
MOI ranging over a 106 range.

It is clear from Figure 2 that the static incubation is not needed for the initial 
attachment of M13 to sensitive E. coli, and so the required dose of M13 phage can be 
directly added to a fermenter with the E. coli host already growing with the impeller 
stirring. The culture which will be stirred at a high rate does not need to be stopped 
and left to go static for 15–30 min. This would compromise the growth of the cells in 
a large fermenter, and so our findings give a positive help for the scale-up of phage 
and the way one can run a large fermenter where procedures have to be different 
from what is done at small scale in the molecular biology lab.

6. Nuclease-producing E. coli

The above sections on MOI and removing the necessity for a static attachment 
of phage were shown with M13 as examples. The M13 phage does not lyse its host, 
so the culture medium after infection is uncontaminated by the bulk of the host cel-
lular contents and largely contains just the filamentous M13 bacteriophage particles. 
We have examined the supernatants from M13-infected cultures and determined 
the levels of host cell contaminants of DNA and protein [23] which are quite low 

Figure 2. 
Static versus shaking incubation of M13 with E. coli TOP10 F′. The conditions and culture quantities were 
identical to those shown in Figure 1 with the addition of three conditions at each MOI where the M13 phage 
was added and left for 30 min static incubation. These cultures for the static incubation were then grown with 
shaking at 200 rpm in a 37°C orbital incubator. Each point is the average of three flasks.
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compared to the large amount of cellular DNA, RNA and protein released by lytic 
phage. A phage such as λ is a representative of lytic phage which is the majority of 
the types of phages used in therapy and biological control for the replacement of 
antibiotics. At each cycle of replication and release of the new phage particles, the 
host is lysed, and the cell contents are released into the medium along with insolu-
ble debris from the cell wall and membrane. This leads to problems in subsequent 
downstream purification due to the large amount of different cellular molecules 
competing in the subsequent downstream processing steps.

The host RNA and DNA represent major contaminants that need to be removed 
especially for gene therapy applications. The release of host cell DNA also increases 
the viscosity of the medium, and this has an adverse effect on clarification by 
centrifugation and membrane concentration due to blocking of the membranes. 
For lab-scale molecular biology work, it is normal to add the enzymes pancreatic 
RNAseI and pancreatic DNAseI from bovine pancreas preparations. With the 
advent of bovine spongiform encephalopathy (BSE) which peaked in the 1990s, 
the addition of any bovine or animal proteins into the growth or purification train 
of material destined for human therapy was banned. These regulatory restrictions 
removed the ability to use these cheap nucleic acid-degrading enzymes, and the 
substitutes from bacterial sources were much more expensive. A strategy to over-
come this problem was developed by us, and this was to express a broad-spectrum 
nuclease in the periplasm of E. coli which would be released as cells were lysed 
[30, 31]. The enzyme Staphylococcal nuclease has been extensively characterised 
and used from the 1960s onwards [32] and can degrade both DNA and RNA. The 
expression of this in E. coli where it is secreted into the periplasm does not affect 
the growth of E. coli because the enzyme cannot get access to its substrate while 
the cell is growing normally. When the cells are lysed by a bacteriophage such as λ 
or by homogenisation, the nuclease can gain access to the released DNA and RNA 
and degrade them. This ‘cell engineering’ approach to assisting bioprocessing was 
developed at UCL and has been shown to give considerable gains in the centrifuga-
tion steps and other downstream purification steps in bioprocessing of proteins 
such as Fab fragments [33–35].

We sought to apply this cell engineering strategy for the production of λ phage 
and to help solve the problem of the large amount of cellular contaminants released 
into the media when λ phage cultures need to be harvested and processed.

E. coli JM107 [3] was grown in 2 L fermenters with either JM107 or JM107 
containing the plasmid pMMBompnucB which is a broad host-range plasmid vector 
based on an Inc. Q plasmid RSF1010 and contains the Staphylococcal nuclease 
which has been altered by the addition of the E. coli ompA signal sequence for 
secretion [31]. Figure 3 shows the growth of the two hosts with no added λ phage 
and the same hosts with 8 × 1010 λ phage particles added after 2 hours when the 
OD600 had reached 10.

The addition of λ to the fermenter used the strategy that we had developed 
where a low MOI is used and without a static initial incubation of the host cells 
and the phage. In this way we can add the phage directly to a growing fermenter of 
host with the impeller (single shaft with three top-driven, equally spaced, six-
bladed turbines) and four diametrically opposed baffles in the fermenter, running 
throughout. The growth profiles of the two uninfected cultures show no difference 
in their growth profiles which means that the presence of the expressed nuclease 
enzyme in the periplasm has no effect on growth rate or final OD. In the two 
cultures with added λ phage, the OD drop is the same for both hosts showing that λ 
replication and cell lysis are the same in both.

The production of λ was monitored throughout growth and is shown in 
Figure 4.
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Both the nuclease and the non-nuclease-expressing E. coli JM107 produced the 
same 5-log increase in phage particles with the same time profile. The efficacy of the 
nuclease in the removal of the host nucleic acid was assessed by the electrophoresis 
of samples from each time point on agarose gels and the visualisation of the released 
nucleic acid (both DNA and RNA). Figure 5 shows the complete degradation and 
removal of the released host genomic DNA and host RNA in the strain of E. coli 
expressing the periplasmic nuclease.

The presence of the expressed periplasmic nuclease is apparent from the dif-
ference in the samples in Figure 5B compared to the samples from the same time 
points in the fermenter with no expression plasmid for the Staphylococcal nuclease. 

Figure 3. 
Growth of E. coli JM107 and λ production with and without a nuclease-expressing plasmid. E. coli JM107 
containing pMMBompnucB and with no plasmid was grown in 2 L (working volume 1.5 L) LH 210 series 
fermenter (Bioprocess Engineering Services, Charing, Kent, UK) with 150 mL of E. coli inoculum and a 
final working volume of 1.5 L in phage media containing 100 μg/mL ampicillin and 20 μg/mL IPTG. λ phage 
particles were added at 2 hours to give an MOI of 0.05 (4 mL of 2 × 1010 pfu/mL). Impeller stirring continued 
throughout the growth and addition of phage, and the OD600 was monitored.

Figure 4. 
Production of λ phage in 2 L fermenters with and without periplasmic nuclease expression. λ phage was added 
at 2 hours in Figure 3, and the graph here shows λ phage amounts from the 2 hours onwards. Samples from the 
fermenters shown in Figure 3 were diluted in phage buffer and titred on E. coli JM107 using soft top agar and 
plaque counting.
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Almost all of the released host genomic DNA and the large majority of the RNA has 
been degraded in the culture that expresses the nuclease. Figure 4 shows that the 
production of λ phage particles is identical in both fermenters, and the presence of 
the nuclease does not impinge on λ production and leads to a removal of the major-
ity of the nucleic acid that would normally need the addition of bovine pancreatic 
DNAseI and RNAseA or more expensive bacterial equivalents such as Benzonase™ 
[36] to reduce the amount of nucleic acids. This cell engineering approach means 
that no animal-derived enzymes need be added, no costly commercial bacterial 
enzymes need be added and the engineered cells provide their own nuclease which 
degrades the nucleic acid in situ, so no additional time for incubation of any added 
enzyme is needed. Therefore a saving of both time and money is achieved via cell 
engineering for bioprocessing.

7. Precipitation of M13

Bacteriophages produced at any scale need to be concentrated by some method 
after the growth and production have taken place. The properties of phages allow 
some precipitation methods that are milder than conditions needed to precipitate 
host soluble protein or nucleic acid. Phages are large multicomponent entities usually 
many hundreds of times larger than a medium-sized soluble protein. Their asym-
metric shape also enables mild precipitation methods. Polyethylene glycol (PEG) 
precipitation is a mild method of precipitating biological material and is very effica-
cious in the precipitation of large asymmetric material such as DNA or macromolec-
ular assemblies, e.g. virus-like particles such as phages [37, 38]. The larger and more 
asymmetric the particle, the lower the amount of PEG is needed to precipitate the 
particle and leave behind other smaller soluble materials. An exploration of different 
average molecular weights of PEG from 600 to 20,000 for M13 precipitation showed 
that PEG 6000 and PEG 8000 combined the best properties of precipitation at low 
% concentration with lower viscosities than PEG 12,000 and PEG 20,000 [23] and 
2% PEG 6000 with 330 mM NaCl gave >95% precipitation of M13. The relationship 
between PEG and NaCl is shown in Figure 6 where the increasing PEG molecular 
weight and PEG concentration with % of M13 recovered were investigated.

Figure 5. 
Degradation of host nucleic acid from l infected E. coli JM107 and JM107 containing pMMBompnucB. 
(A) Agarose gel with samples from fermenter in Figure 3 growing E. coli JM107 with λ. 1, 1 kb ladder; 2, 0 h; 3,  
1 h; 4, 2 h; 5, 3 h; 6, 4 h; 7, 5 h; 8, 6 h; 9, 7 h; 10, 8 h; 11 λ HindIII ladder. (B) Agarose gel with samples from 
fermenter in Figure 3 growing E. coli JM107 containing pMMBompnucB infected with λ. 1, 1 kb ladder; 2, 0 h; 
3, 1 h; 4, 2 h; 5, 3 h; 6, 4 h; 7, 5 h; 8, 6 h; 9, 7 h; 10, 8 h; 11 λ HindIII ladder. The same volume of sample from 
each fermenter time point was loaded onto each lane.

85

Scale-Up and Bioprocessing of Phages
DOI: http://dx.doi.org/10.5772/intechopen.88275

The diagram in Figure 6 shows the relationship between increasing chain 
length/molecular weight of PEG, the % of PEG and the amount of M13 phage 
recovered. Higher-molecular-weight PEG preparations can be used at low final per-
centages, but there is significant increase in the viscosity of high-molecular-weight 
PEG solutions in the stock solutions needed to add to the phage-containing solu-
tion, making PEG 20,000 very difficult to use. PEG 6000 and PEG 8000 achieve 
virtually the same precipitation profile as PEG 12,000 and the lower viscosity of 
stock solutions of PEG 6000 make this chain length the best for precipitation with 
low viscosity. A concentration of 2% w/v PEG 6000 is ideal with 330 mM NaCl 
[23]. It was discovered that the nutrient media commonly used for growth such 
as NB2 contains sufficient salt (Na, K and NH3 ions) that the added NaCl can be 
reduced to only 135 mM which would make a saving in materials and disposal costs 
in large-scale M13 phage precipitation.

8. Conclusion

The strategies for the scale-up of phage growth and primary downstream purifi-
cation are still in their infancy, but we have shown that there are significant gains to 
be made from the work described here. The amount of phage that needs to be added 
to large-scale growth volumes can be reduced by several orders of magnitude from 
what is common at the lab scale. Phage can be added directly to fermenters where 
rapidly stirring impellers are needed to maintain aeration and correct physiology 
of the host with no cessation of the stirring, and the phage will find their host and 
attach with no difficulty. The use of cells engineered to produce their own broad-
spectrum periplasmic nuclease gives significant gains in the destruction of host DNA 
and RNA release on lysis, and this prevents the contamination of the phage with 
nucleic acid when the phages are concentrated by precipitation. The gentle precipita-
tion method of using low concentrations of PEG can then be used to give relatively 
pure preparations of phage in one step. These methods can be used together and will 

Figure 6. 
The relationship between M13 recovery and PEG molecular weight and percentage PEG. All precipitations 
were carried out at 10 mL scale with additions of PEG to the final % concentration shown in the diagram with 
4 × 1012 CsCl purified M13 and 330 mM NaCl. The mixtures were incubated on ice for 1 hour and centrifuged 
for 10 min at 8000 ×g at 4°C.
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allow the large-scale uses of phage in the future in medical and clinical applications 
and then beyond into biotechnological applications such as the uses of filamentous 
phage in electronics like phage batteries [39] and the phage laser [40].
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allow the large-scale uses of phage in the future in medical and clinical applications 
and then beyond into biotechnological applications such as the uses of filamentous 
phage in electronics like phage batteries [39] and the phage laser [40].
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Chapter 6

Surveillance and Elimination of 
Bacteriophage Contamination in 
an Industrial Fermentation Process
James A. Zahn and Mathew C. Halter

Abstract

Commercial fermentation processes are often vulnerable to bacteriophage due 
to the lack of genetic diversity and use of high cell density cultures. Bacteriophage 
infections in these fermentations can have adverse impacts on operability of the 
production facility and product quality and prevent recovery of valuable bioprod-
ucts in the downstream process. Prevention strategies have been developed and 
optimized through feedback from bacteriophage diagnostic tests, which inform 
improvements to process design for elimination of entry points, as well as modifica-
tion of the biocatalyst to reduce or eliminate bacteriophage virulence. In this chap-
ter, we provide case studies for successful elimination of bacteriophage virulence 
via host modifications, including bacteriophage binding-site modifications on the 
outer membrane of an Escherichia coli production host, used for commercial manu-
facture of 1,3-propanediol, as well as application of CRISPR-associated protein 9 
(Cas9) for bacteriophage immunity. Finally, we report application of bacteriophage 
diagnostic methods to fully characterize and eliminate bacteriophage entry points 
in a commercial fermentation process.

Keywords: bacteriophage, white biotechnology, industrial fermentation, CRISPR, 
Cas9, phage

1. Introduction

Increasing awareness of our dependence on petroleum, coupled with the 
negative effects of this dependency on oil supply, price volatility, and gas emis-
sions, is the driver behind the growing global market for biorenewable chemicals 
made through white biotechnology processes. In 2011, revenue from biorenewable 
chemicals exceeded $2.4 billion, and revenue continues to grow at a compound 
annual growth rate of 14.8%, with glycerin and lactic acid accounting for 79% of the 
 market share [1]. Growth for biorenewable chemicals that are used as monomers the 
manufacture of bioplastics represents a fast-growing segment of this industry [1].

One example of a biorenewable chemical that has displaced petrochemical 
manufacturing routes is 1,3-propanediol or BioPDO™. This chemical had histori-
cally been manufactured using petroleum-derived ethylene oxide or acrolein [2, 3]. 
In 2006, DuPont Tate & Lyle Bio Products, a joint venture formed between DuPont 
and Tate & Lyle, commercialized an aerobic fermentation process for production 
of 1,3-propanediol (BioPDO™) from glucose derived from yellow dent field corn. 
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A life cycle analysis (LCA) showed that the BioPDO™ manufacturing process con-
sumed 42% less energy and emitted 56% less greenhouse gas emissions than petro-
chemical manufacturing routes. BioPDO™ is included as a raw material in polyester 
manufacture for textiles, carpet (Sorona®), and thermoplastic resins (Sorona®EP). 
Furthermore, BioPDO™ has direct uses in foods, cosmetics, and personal care 
applications through the Zemea® brand, and heat transfer, homopolymer, polyure-
thane, and other industrial applications through the Susterra® brand [3, 4].

In addition to a more favorable life cycle analyses, White Biotechnology pro-
cesses like the BioPDO™ process demonstrate many advantages over petrochemical 
processes, such as the ability of the process to maintain high specificity [5], high 
yield, and ability to maintain lower concentrations of chemical intermediates that 
are generally recognized to form undesirable impurities in the final product [6].

Although many advantages exist for bioprocesses, disadvantages include (a) low 
to moderate productivity rates requiring intensification capital investments related 
to equipment capacity, (b) process susceptibility to bacterial and bacteriophage 
contamination, which has a negative impact on operability factor, (c) generally 
higher variable cost of manufacturing due to high electrical and related energy 
costs, (d) high water use, (e) odors, (f) costs associated with the production and 
filtration of large volumes of gases required for the fermentation process, and 
treatment of waste gases to remove odors, viable cells, and regulated or unregulated 
chemicals, (g) higher separation and refining costs due to the presence of large 
amounts of water, and (h) disposal of large volumes of nonhazardous waste.

In this chapter, we provide a detailed analysis of one of the most challenging 
issues for white biotechnology processes, which is the prevention of lytic bacte-
riophage events in commercial fermentors. Bacteriophages can cause rapid lytic 
infections of the highly clonal bacterial populations that are used in white biotech-
nology processes. Lytic infections of bacteria by bacteriophage reduce or abolish 
product productivity, and reduce the efficiency of cell recovery methods, which 
causes reduced product quality or a complete loss of the product. Batches affected 
by lytic bacteriophage infections cause a loss in production capacity or asset utiliza-
tion, and financial losses to a business [7]. Lytic events in industrial fermentation 
may necessitate temporary shutdown of the facility for cleaning and elimination of 
bacteriophage, or even prolonged shutdown periods for cleaning and modification 
of aseptic barriers in the facility. In addition to surveillance and elimination best 
practices, this chapter outlines facility design considerations that are important in 
the prevention of bacteriophage in a biomanufacturing facility.

2.  Prevalence of bacteriophage contamination in industrial fermentation 
processes

With the steady increase in the use of prokaryotic biocatalysts over the course 
of the last several decades for protein, small molecule, and chemical produc-
tion, a focus has been placed on maintaining a bacteriophage-free environment 
in the manufacturing facility. The prevalence of bacteriophage in commercial 
fermentation processes varies considerably within the industry. For example, there 
have been no reported bacteriophage-related losses in certain industrial process, 
including: (a) syngas fermentations utilizing Clostridium ljungdahlii, Clostridium 
autoethanogenum, and Clostridium coskatii; (b) the commercial process for produc-
tion of Spinosad and Spinetoram using Saccharopolyspora spinosa; and the com-
mercial process for (c) production of xanthan gum by Xanthomonas campestris. In 
contrast, moderate to severe fermentative losses have been observed for certain 
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bacterial-mediated processes, including the acetone-butanol-ethanol process that 
uses Clostridium acetobutylicum, Clostridium beijerinckii, or Clostridium sp. [8]; the 
Escherichia coli-mediated NutraSweet® process [9]; the E. coli-mediated BioPDO™ 
process [10]; the vinegar fermentation processes that uses Acetobacter europaeus, or 
Acetobacter sp. [11]; and food processes that utilize various bacteria [12, 13].

Although no single factor appears to link processes that are susceptible to 
bacteriophage-induced fermentative losses, some common themes exist:

a. Tanji et al. [14] proposed that “the most likely source of phage contamina-
tion in the E. coli culturing process is human, since E. coli is one of the main 
inhabitants of the gastrointestinal tracts of warm-blooded animals.” Infection 
of microflora present in fermentation plant personnel may serve as a reservoir 
to maintain bacteriophage in the plant environment for extended periods of 
time [15]. Production hosts that are incapable of human colonization or that 
exhibit distinct phylogenetic differences to the natural human microflora may 
be advantaged over E. coli production hosts for these processes.

b. Certain processes using E. coli have a distinct disadvantage that aseptic design 
and operation principles are unknowingly sacrificed by continuous improve-
ment programs, which focus on minimizing process cycle time, or related cost 
reductions. Processes that produce end products that are inhibitory to foreign 
bacterial growth are especially vulnerable since a false sense of security is 
provided by the fact that the E. coli production hosts exhibit improved com-
petitiveness over most other microorganisms. Under these conditions, foreign 
growth, which may harbor bacteriophage, can go undetected or unreported. 
Process cycle time improvements typically target a reduction in maintenance 
tasks supporting sterile barriers, or a reduction in time allotted for sterilization 
and clean-in-place (CIP) procedures to clean piping, valves, and vessels. These 
efforts can negatively impact bacteriophage elimination programs.

c. Xanthomonas campestris has a number of established bacteriophages that 
have been registered as biocontrol agents to minimize its impact as a plant 
pathogen [16]. Therefore, the absence of bacteriophage-induced losses for the 
 commercial xanthan gum process is aligned with the absence of an appropriate 
reservoir in the manufacturing facility that ecologically supports X. campestris 
growth.

d. Microorganisms with doubling times greater than 2–3 hours, which includes 
Saccharopolyspora spinosa, Clostridium ljungdahlii, and Clostridium autoethano-
genum, often exhibit effective DNA restriction-modification systems that serve 
to destroy foreign DNA that enters the cell. These microorganisms are typically 
referred to as recalcitrant to recombinant DNA technology, as measured by 
low or unmeasurable transformation efficiency [17]. More recently, a number 
of widespread bacteriophage immunity systems have been described, some of 
which contain elements that act similarly to restriction-modification systems, to 
modify or destroy both foreign (i.e., non-native plasmid or cosmid-associated 
DNA) and bacteriophage-associated DNA [18, 19]. Interestingly, the E. coli 
production host used for the BioPDO™ processes was found to lack a functional 
bacteriophage exclusion operon (BREX [18]), as well as a functional CRISPR-
Cas restriction-modification system [7, 20]. Highly optimized strains utilized 
in commercial manufacturing process often contain intended and unintended 
modifications to the host chromosome that contribute to improved rate,  



Bacteriophages - Perspectives and Future

92

A life cycle analysis (LCA) showed that the BioPDO™ manufacturing process con-
sumed 42% less energy and emitted 56% less greenhouse gas emissions than petro-
chemical manufacturing routes. BioPDO™ is included as a raw material in polyester 
manufacture for textiles, carpet (Sorona®), and thermoplastic resins (Sorona®EP). 
Furthermore, BioPDO™ has direct uses in foods, cosmetics, and personal care 
applications through the Zemea® brand, and heat transfer, homopolymer, polyure-
thane, and other industrial applications through the Susterra® brand [3, 4].

In addition to a more favorable life cycle analyses, White Biotechnology pro-
cesses like the BioPDO™ process demonstrate many advantages over petrochemical 
processes, such as the ability of the process to maintain high specificity [5], high 
yield, and ability to maintain lower concentrations of chemical intermediates that 
are generally recognized to form undesirable impurities in the final product [6].

Although many advantages exist for bioprocesses, disadvantages include (a) low 
to moderate productivity rates requiring intensification capital investments related 
to equipment capacity, (b) process susceptibility to bacterial and bacteriophage 
contamination, which has a negative impact on operability factor, (c) generally 
higher variable cost of manufacturing due to high electrical and related energy 
costs, (d) high water use, (e) odors, (f) costs associated with the production and 
filtration of large volumes of gases required for the fermentation process, and 
treatment of waste gases to remove odors, viable cells, and regulated or unregulated 
chemicals, (g) higher separation and refining costs due to the presence of large 
amounts of water, and (h) disposal of large volumes of nonhazardous waste.

In this chapter, we provide a detailed analysis of one of the most challenging 
issues for white biotechnology processes, which is the prevention of lytic bacte-
riophage events in commercial fermentors. Bacteriophages can cause rapid lytic 
infections of the highly clonal bacterial populations that are used in white biotech-
nology processes. Lytic infections of bacteria by bacteriophage reduce or abolish 
product productivity, and reduce the efficiency of cell recovery methods, which 
causes reduced product quality or a complete loss of the product. Batches affected 
by lytic bacteriophage infections cause a loss in production capacity or asset utiliza-
tion, and financial losses to a business [7]. Lytic events in industrial fermentation 
may necessitate temporary shutdown of the facility for cleaning and elimination of 
bacteriophage, or even prolonged shutdown periods for cleaning and modification 
of aseptic barriers in the facility. In addition to surveillance and elimination best 
practices, this chapter outlines facility design considerations that are important in 
the prevention of bacteriophage in a biomanufacturing facility.

2.  Prevalence of bacteriophage contamination in industrial fermentation 
processes
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have been no reported bacteriophage-related losses in certain industrial process, 
including: (a) syngas fermentations utilizing Clostridium ljungdahlii, Clostridium 
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bacterial-mediated processes, including the acetone-butanol-ethanol process that 
uses Clostridium acetobutylicum, Clostridium beijerinckii, or Clostridium sp. [8]; the 
Escherichia coli-mediated NutraSweet® process [9]; the E. coli-mediated BioPDO™ 
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Acetobacter sp. [11]; and food processes that utilize various bacteria [12, 13].

Although no single factor appears to link processes that are susceptible to 
bacteriophage-induced fermentative losses, some common themes exist:

a. Tanji et al. [14] proposed that “the most likely source of phage contamina-
tion in the E. coli culturing process is human, since E. coli is one of the main 
inhabitants of the gastrointestinal tracts of warm-blooded animals.” Infection 
of microflora present in fermentation plant personnel may serve as a reservoir 
to maintain bacteriophage in the plant environment for extended periods of 
time [15]. Production hosts that are incapable of human colonization or that 
exhibit distinct phylogenetic differences to the natural human microflora may 
be advantaged over E. coli production hosts for these processes.

b. Certain processes using E. coli have a distinct disadvantage that aseptic design 
and operation principles are unknowingly sacrificed by continuous improve-
ment programs, which focus on minimizing process cycle time, or related cost 
reductions. Processes that produce end products that are inhibitory to foreign 
bacterial growth are especially vulnerable since a false sense of security is 
provided by the fact that the E. coli production hosts exhibit improved com-
petitiveness over most other microorganisms. Under these conditions, foreign 
growth, which may harbor bacteriophage, can go undetected or unreported. 
Process cycle time improvements typically target a reduction in maintenance 
tasks supporting sterile barriers, or a reduction in time allotted for sterilization 
and clean-in-place (CIP) procedures to clean piping, valves, and vessels. These 
efforts can negatively impact bacteriophage elimination programs.

c. Xanthomonas campestris has a number of established bacteriophages that 
have been registered as biocontrol agents to minimize its impact as a plant 
pathogen [16]. Therefore, the absence of bacteriophage-induced losses for the 
 commercial xanthan gum process is aligned with the absence of an appropriate 
reservoir in the manufacturing facility that ecologically supports X. campestris 
growth.

d. Microorganisms with doubling times greater than 2–3 hours, which includes 
Saccharopolyspora spinosa, Clostridium ljungdahlii, and Clostridium autoethano-
genum, often exhibit effective DNA restriction-modification systems that serve 
to destroy foreign DNA that enters the cell. These microorganisms are typically 
referred to as recalcitrant to recombinant DNA technology, as measured by 
low or unmeasurable transformation efficiency [17]. More recently, a number 
of widespread bacteriophage immunity systems have been described, some of 
which contain elements that act similarly to restriction-modification systems, to 
modify or destroy both foreign (i.e., non-native plasmid or cosmid-associated 
DNA) and bacteriophage-associated DNA [18, 19]. Interestingly, the E. coli 
production host used for the BioPDO™ processes was found to lack a functional 
bacteriophage exclusion operon (BREX [18]), as well as a functional CRISPR-
Cas restriction-modification system [7, 20]. Highly optimized strains utilized 
in commercial manufacturing process often contain intended and unintended 
modifications to the host chromosome that contribute to improved rate,  
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titer, and yield. Although the BioPDO™ production host contains nearly a 
complete E. coli K12 CRISPR-Cas operon (Figure 1), upstream regulatory 
modifications, which were correlated with improved product production rate 
resulted in the loss of function for this operon. Vale et al. [19] found that “Cas 
protein expression is particularly costly, as Cas-deficient mutants achieved 
higher competitive abilities than the wild-type strain with functional Cas 
proteins.” Smaller spacer libraries of approximately four spacers or less were 
not associated with fitness costs, suggesting that the genetically engineered 
spacer library approach of Halter and Zahn may serve to minimize energy and 
ATP burden on the cell, as indicated by the minimal impact of recombinant 
seven-spacer system on 1,3-propanediol biosynthesis [7].

2.1  Isolation and identification of bacteriophage DNA from lytic production 
samples in the BioPDO™ process

Lytic bacteriophage infection with the BioPDO™ process is characterized by 
sudden cellular lysis, which coincides with a sudden and rapid increase in dissolved 
oxygen (to 100% dissolved oxygen), a complete loss of oxygen uptake rate, and a 
complete loss of carbon dioxide evolution rate during the fed-batch fermentation. 
Optical density (OD) of the fermentation decreases rapidly from an OD550 nm at 
approximately 11 hours of 42 ± 2 absorbance units to less than 1.4 ± 0.5 in a period 
of 30–40 minutes. Viable cell counts for the process show that a nearly complete 
10-log reduction occurs within this time period. As in-house molecular techniques 
for bacteriophage detection were not initially developed at the time of facility 
start-up, these early events were poorly characterized. However, procedures existed 
to sample and preserve fermentor samples in segregated freezers to support future 
investigative efforts. Fermentor samples that were collected consisted of a crude 
mixture of cleared (lysed) E. coli cells, nucleic acids, proteins, and cell membrane 
components. These samples were subsequently determined to contain bacterio-
phage particles, which were directly observed by transmission electron microscopy 
(Figure 2).

2.1.1 DNA isolation methodology

Samples were syringe-filtered through a 0.2-μm filter to separate the larger 
cell debris, and bacteriophage particles were precipitated and concentrated for 
transmission electron microscopy (Figure 2). To improve DNA sequencing efforts, 

Figure 1. 
Alignment of the E. coli K12 CRISPR operon (upper panel) with the native nonfunctional CRISPR-Cas operon 
in the BioPDO™ E. coli production host (lower panel).
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bacteriophage nucleic acids were separated from lysed E. coli DNA. The bacterio-
phage DNA is protected by the proteinaceous capsid head, allowing for DNAse digest 
of exogenous E. coli DNA. Filtered samples were incubated with DNAse I according 
to the manufacturers recommended protocol overnight, ensuring complete diges-
tion of all DNA present that could interfere with bacteriophage DNA sequencing. 
After complete digestion, the DNAse was deactivated by heat denaturation. The 
next step was the removal of the bacteriophage capsid protecting the DNA. This 
was performed by treatment with proteinase K according to the manufacturer’s 
protocol for 3 hours. The proteinase K treatment removes the capsid protein shell, 
allowing the bacteriophage DNA to enter solution. Now that the bacterial DNA was 
fully degraded and the bacteriophage DNA removed from the particle capsid, the 
final remaining steps were simply precipitating the remaining protein from solution, 
separation from the aqueous phase by centrifugation, and precipitation of nucleic 
acids. Protein precipitation was performed by addition of 2 M potassium hydroxide. 
Immediate flocculent formation was evident, but the samples were stored on ice for 
a short period to encourage further protein precipitation. Chilled samples were cen-
trifuged in a tabletop centrifuge at 13,000 × g for 10 minutes to separate the protein 
flocculent from the nucleic acid-containing supernatant. Upon separation, nucleic 
acids were precipitated through a 50% isopropyl alcohol wash. Samples were again 
stored on ice to allow precipitation to progress more efficiently, followed by centrifu-
gation at 13,000 × g for 5 minutes. The visible, cloudy DNA pellet was resuspended 
in ddH2O and quantified for sequencing.

2.1.2 Bacteriophage typing

The isolated DNA was sent for 454 pyrosequencing, which revealed an approxi-
mately 46,000 base pair circular genome. The genomic characterization of the 
plasmid was described previously [7]. Sequence analysis of genomes isolated 
from lytic batches ranging back to the manufacturing facility start-up in 2006 
revealed an interesting fact that every lytic bacteriophage event was caused by the 
same bacteriophage. This bacteriophage shared sequence homology with a T1-like 
bacteriophage, referred to as RTP bacteriophage [21], but sequence homology of tail 
fibers and other open reading frames in the genome indicated it was a new repre-
sentative of this group [7]. To reflect the source of the novel bacteriophage, it was 
named “DTL-phage,” for the location of its discovery at the DuPont Tate & Lyle Bio 
Products fermentation manufacturing site. It is noteworthy that with the signifi-
cant diversity of coliphages in nature, only one specific type of bacteriophage was 

Figure 2. 
Transmission electron micrograph of bacteriophage DTL.
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detected over a period of 12 years. The prevalence of this particular bacteriophage 
at this facility was likely enhanced by the lack of significant changes in bacterio-
phage resistance in the E. coli host strain, and the massive amount of bacteriophage 
particles that was released from the site’s five—600,000-L production fermentors. 
With a burst size of approximately 300 new phage particles with each cell lysis, 
infected fermentors were estimated to release approximately 2 × 1015 viral particles 
per affected fermentor, which were then distributed to vent and broth deactivation 
systems where these phage particles were presumed to be deactivated. Subsequent 
viral load studies showed that large amount (40–65%) of the bacteriophage pres-
ent in liquid and respiratory off-gas analysis streams remained active. Although a 
majority of flow in these systems was contained, broth from in-process fermentor 
sampling efforts, and a majority of excess flow from off-gas analysis streams for 
respiratory gas analysis was not contained, and contributed to bacteriophage-
containing aerosols, and dried particulate matter, which was disseminated in the 
production facility.

While we have shown that bacteriophage DTL is highly selective for E. coli 
(Figure 3), it is capable of lysing several different E. coli Group A representatives 
and related subspecies (Figure 4), suggesting that bacteriophage particles could 
infect related E. coli subspecies present in the local manufacturing environment, 
since these representatives are common human and animal inhabitants [14].

Since the bacteriophage plaque assays provide slow (34–48 hours) feedback for 
the presence of bacteriophage contamination in process samples, development of 
a rapid diagnostic test was considered a critical path for effectively mitigating fer-
mentative losses in the facility. To this end, polymerase chain reaction (PCR) assays 
were developed to detect DTL-phage nucleic acids in fermentation broth (Table 1). 
Primer sets were designed based on the genome sequence ([22]; Genbank accession 
number MG050172), and endpoint reactions performed on both lysed and nonlysed 
fermentation samples were run on 1% agarose gel, providing a binary visual confir-
mation of the presence or absence of DTL-phage genomic DNA (Figure 5).

Figure 3. 
Plaque assays using DTL-phage on phylogenetically diverse bacteria. From the top panel—left to right: 
Escherichia coli FM5, E. coli ATCC 8739, Enterobacter aerogenes ATCC 13048: from the lower panel—left to 
right, Klebsiella pneumoniae ATCC 15574, Pseudomonas aeruginosa ATCC 9027, and Pseudomonas fluorescens 
ATCC 13525. Background spotting, which is most notable with P. aeruginosa is due to nutrient carry over in the 
phage preparation.
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After optimization of the assay, early PCR screening of every fermenter was 
implemented in the manufacturing facility for transfer of seed fermentors. It was 
soon clear that endpoint PCR, followed by gel-electrophoresis was still too slow 
to effectively meet the 2-hour transfer window in the manufacturing process, 
and secondly, the technical tasks and decisions were too complex to effectively 
implement for the nontechnical manufacturing facility workforce. Real-time 
quantitative PCR is an assay that provides a more rapid result (<1 hour), and 
also produces a threshold cycle (Ct) count that can be used as a straightforward 
quality control parameter to set a simple quantitative threshold for amplicon 
copy numbers. The use of real-time quantitative PCR to track fermenter con-
tamination provides a more rapid screening procedure and reduces the time from 
fermentor sampling to a formation of a transfer decision by slightly over 1 hour. 
Primer sets were optimized to amplify targets within the bacteriophage DTL 
genome with above 95% efficiency, and premade reaction cocktails were also 
developed to minimize low-volume pipetting steps needed to be performed by 
nontechnical staff. This procedure had the following steps: (a) A seed fermenter 
sample would be collected by the fermentation technician and transferred into 

Figure 4. 
Susceptibility of Escherichia coli group A representatives and related E. coli subspecies to DTL-phage. 
Susceptible = BL21, DH5α, B178, W2244, FM5, and W1485. Nonsusceptible = BW25113 and K802.

Primer Sequence

DTL-phage 43 qRT F GAAGAGGTGTTTAATTTCGCCG

DTL-phage 43 qRT R GCCAAACCCGTTAATGTGAAC

DTL-phage 40 qRT F AGAGGTAGTGGTAGGTTCCG

DTL-phage 40 qRT R TCAAGAATCGCAGAGTAACCG

DTL-phage 19 qRT F GCACGCTGGTTAATGGAATG

DTL-phage 19 qRT R TTCTTGATGGAGATTGTCGGG

DTL-phage 6 qRT F GGCGTAAAACAGTAATTCAGGTC

DTL-phage 6 qRT R TTCACACCATCACTACCATCAG

DTL-phage 66 qRT F GCAGTAAGCCAGAGATTAGCG

DTL-phage 66 qRT R CTATCCAGTGACCCAACCTTG

Table 1. 
DTL-phage primer sets for PCR diagnostic testing.
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a class 2 biological safety cabinet. (b) The sample would be filtered through a 
0.2-μm sterile syringe filter to remove intact cells, and then diluted 1:10 in sterile 
water. This dilution was performed to dilute inhibitory substances  present in 
the fermentation media, allowing for elimination of the DNA extraction step. 
(c) Load the processed sample with positive and negative controls into the 
quantitative PCR instrument, and initiate the analysis. This qPCR assay was 
the cornerstone in a strategy to screen seed fermentors prior to transfer to the 
production fermentor as a safeguard to limit bacteriophage-infected seeds from 
contaminating production fermentors. This new procedure included control 
charting intensities for Ct trends, which aided in the tracking of bacteriophage 
contamination levels (Figure 6), which increased the operability factor for the 

Figure 5. 
DTL-phage amplicons generated from PCR (DTL-phage 40 set, Table 1) and separated by 1% agarose gel 
electrophoresis. Lane 2 is a positive control of purified DTL-phage DNA, lane 3 is a seed fermenter sample 
containing 2 × 104 particles of DTL-phage per mL, and lane 4 is a sterile water negative control. Lane 1: 
Invitrogen E-Gel 1 Kb Plus Express DNA Ladder (part #10488091) 100–5000 bp.

Figure 6. 
Quantitative PCR (qPCR) amplification curves of seed media screened for DTL-phage. Blue colored curves 
represent a positive control for presence of DTL-phage (equivalent to 180 plaque forming units per milliliter), 
green curves represent a negative control, and red curves represent the seed media being screened. The left panel 
shows a negative result for the seed fermentation sample with no detectable DTL-phage, and the right panel 
shows a positive response for a seed fermentation sample that contained an internal addition of 80 plaque 
forming units per milliliter.
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fermentation process by ensuring that only bacteriophage-free seed material was 
transferred into production fermentors.

2.2 Efforts to produce a bacteriophage-resistant production strain

There is a clear incentive for businesses that utilize fermentation-based manu-
facturing technologies to invest in the development of production strains that are 
resistant to potential bacteriophage threats. There are at least four target areas 
that have been described in literature for enhancing bacteriophage resistance in 
prokaryotic organisms that are sensitive to lytic bacteriophage infections [23]: 
(a) prevention of phage adsorption, (b) preventing phage entry, (c) cutting bacte-
riophage nucleic acids, and (d) abortive infection systems. The following analysis 
will summarize efforts in two of the four areas and prevention of phage adsorption 
and cutting phage nucleic acids with a heterologous CRISPR-Cas system.

Classical strain improvement programs for the generation of bacteriophage 
resistance often start with acquiring genotypic diversity in a host population 
through spontaneous or induced mutation, followed by challenge and selection of 
survivors to bacteriophage infection. Several studies utilizing this strategy have 
reported resistance through single nucleotide polymorphisms (SNPs) or inser-
tional mutagenesis, which often alters the structure of bacteriophage binding 
sites on the cell surface. Additionally, significant deletions of chromosomal DNA 
have been described that involve structural changes of one or more cell surface 
 biomolecules [14, 24–26].

The initial step in the bacteriophage virulence cycle is the adsorption of the 
bacteriophage particle to the outer surface of the bacterial cell [23]. Once bound, 
the bacteriophage infects the cell by transferring genetic material into the cell, 
where it then utilizes host cellular translation systems to generate additional bac-
teriophage particles. This binding of the bacteriophage to the outer membrane is 
typically mediated by a highly specific receptor on the outside of the cell, is typi-
cally a membrane protein, a specific class of lipid, or a carbohydrate moiety, and 
is extremely specific to a bacteriophage and its host. Common genetic techniques 
can, therefore, be used to target these binding sites to reduce binding affinity or 
eliminate the site [24, 26].

Over several years, classical strain improvement programs for the BioPDO™ 
process have generated and screened strains that were selected through chal-
lenge for resistance to DTL-phage [7]. These screens included strains that 
demonstrated a 3–5-log improvement in the reduced sensitivity as measured 
by the standard bacteriophage plaque assay (Figure 7). In all cases, bacterio-
phage resistance was associated with a 63–96% reduction in 1,3-propanediol 
production titer. Further analysis showed that these strains had a lower solvent 
tolerance, which indicated that the bacteriophage resistance mechanism(s) were 
presumably linked to changes in cellular ultrastructure. Genomic sequencing 
efforts confirmed that SNPs occurred in a series of genes involved in synthesis 
and glycosylation of lipopolysaccharide, including glycosylation with heptose 
residues [27]. Heptose residues appear to be essential for high-affinity binding 
of DTL-phage to the E. coli cell [28].

The second strategy, cutting bacteriophage nucleic acids is a rapidly evolving 
field that has been heavily influenced by recent discoveries in bacterial-acquired 
immunity [12]. Clustered regularly interspaced short palindromic repeats (CRISPR) 
are a molecular system by which prokaryotes obtain acquired resistance to bacterio-
phages. The CRISPR operon is widely distributed in prokaryotes and represents the 
most abundant form of innate immunity in these organisms [29]. Upon injection of 
the genetic material, the cell recognizes foreign DNA, and the first gene involved 
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a class 2 biological safety cabinet. (b) The sample would be filtered through a 
0.2-μm sterile syringe filter to remove intact cells, and then diluted 1:10 in sterile 
water. This dilution was performed to dilute inhibitory substances  present in 
the fermentation media, allowing for elimination of the DNA extraction step. 
(c) Load the processed sample with positive and negative controls into the 
quantitative PCR instrument, and initiate the analysis. This qPCR assay was 
the cornerstone in a strategy to screen seed fermentors prior to transfer to the 
production fermentor as a safeguard to limit bacteriophage-infected seeds from 
contaminating production fermentors. This new procedure included control 
charting intensities for Ct trends, which aided in the tracking of bacteriophage 
contamination levels (Figure 6), which increased the operability factor for the 

Figure 5. 
DTL-phage amplicons generated from PCR (DTL-phage 40 set, Table 1) and separated by 1% agarose gel 
electrophoresis. Lane 2 is a positive control of purified DTL-phage DNA, lane 3 is a seed fermenter sample 
containing 2 × 104 particles of DTL-phage per mL, and lane 4 is a sterile water negative control. Lane 1: 
Invitrogen E-Gel 1 Kb Plus Express DNA Ladder (part #10488091) 100–5000 bp.

Figure 6. 
Quantitative PCR (qPCR) amplification curves of seed media screened for DTL-phage. Blue colored curves 
represent a positive control for presence of DTL-phage (equivalent to 180 plaque forming units per milliliter), 
green curves represent a negative control, and red curves represent the seed media being screened. The left panel 
shows a negative result for the seed fermentation sample with no detectable DTL-phage, and the right panel 
shows a positive response for a seed fermentation sample that contained an internal addition of 80 plaque 
forming units per milliliter.
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fermentation process by ensuring that only bacteriophage-free seed material was 
transferred into production fermentors.

2.2 Efforts to produce a bacteriophage-resistant production strain

There is a clear incentive for businesses that utilize fermentation-based manu-
facturing technologies to invest in the development of production strains that are 
resistant to potential bacteriophage threats. There are at least four target areas 
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 biomolecules [14, 24–26].
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The second strategy, cutting bacteriophage nucleic acids is a rapidly evolving 
field that has been heavily influenced by recent discoveries in bacterial-acquired 
immunity [12]. Clustered regularly interspaced short palindromic repeats (CRISPR) 
are a molecular system by which prokaryotes obtain acquired resistance to bacterio-
phages. The CRISPR operon is widely distributed in prokaryotes and represents the 
most abundant form of innate immunity in these organisms [29]. Upon injection of 
the genetic material, the cell recognizes foreign DNA, and the first gene involved 
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in the CRISPR pathway creates an approximately 20–25 base pair cut (this varies 
between species and CRISPR subtypes). This snippet of DNA is then integrated 
into a library of recognized bacteriophage genetic elements, flanked on each side 
by a palindromic repeat. This genetic element can then be transcribed, producing 
a single-stranded transcript that is homologous to the DNA of the intruding bacte-
riophage. The palindromic repeats flanking the element serve to bind the short frag-
ment of transcript to a nuclease, which is then guided by the homologous element to 
potential binding sites on the intruding segment of DNA, where a single cut is made 
rendering it nonfunctional.

Since it was established earlier that the BioPDO™ E. coli production host did not 
carry a functional CRISPR operon in its genome, and the specific binding site of the 
DTL-phage was originally unknown, work was initiated with CRISPR to generate 
a spacer library specific to DTL-phage infection. The well-characterized CRISPR 
cassette of Streptococcus thermophilus was amplified, and its 12 bacteriophage spacers 
(remnants of previously acquired resistance in this species) were replaced with seven 
spacers that were homologous to different regions of the DTL-phage genome. These 
seven spacers were specifically chosen to deliver CRISPR-nuclease-delivered cuts 
in the middle of important open reading frames within the bacteriophage genome, 
thereby ensuring overwhelming and targeted knockout of its genetic functionality.

Upon incorporation of this tailored cassette to the BioPDO™ E. coli production 
strain, plaque assays and phage challenges indicated the organism had obtained full 
resistance to this bacteriophage, as indicated by the lack of plaques formed in experi-
ments using phage titers as high as 106 phage particles per milliliter. The utilization 
of multiple homologous spacers was an important aspect of this project to reduce the 
potential for resistance. Because CRISPR resistance depends on homologous binding 
of spacers bound to the CRISPR nuclease to the intruding phage DNA, a single SNP 
acquired within the homologous stretch of DNA in the phage genome could disrupt 
the DNA-nuclease interaction, rendering that spacer no longer active. The use of seven 
 targeted spacers minimizes the potential for resistance, and no significant energy or ATP 
burden related to the lack of fitness hypothesis, proposed by Vale et al., was observed 
[19]. Although Vale et al., proposed a threshold number of four spacers as the limit 
regarding negative impacts on cell fitness, the slight increase to a seven-spacer library 
appeared to have no negative consequences on 1,3-propanediol synthesis rate [7].

Figure 7. 
Bacteriophage plaque assay plate showing the presence of E. coli colonies growing in the zone of clearing that 
are resistant to DTL-phage challenge.
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2.3  Reservoirs and process entry points for bacteriophage in a manufacturing 
setting

Host resistance to bacteriophage infection is only a partial solution to the 
prevention of bacteriophage in fermentation processes. This approach must be 
balanced with effective facility sanitation procedures, active bacteriophage surveil-
lance programs that are coupled with reservoir elimination efforts, and finally, the 
validation, maintenance, and monitoring of aseptic barriers utilized in the process 
for bacteriophage exclusion.

As mentioned previously, bacteriophage-infected production fermentors 
for the BioPDO™ process were estimated to release approximately 2 × 1015 viral 
particles per affected fermentor based on a 300-burst size model. Bacteriophage-
contaminated air and liquid in fermentors was transferred to vent and broth 
deactivation systems where the viral particles were presumed to be deactivated. 
Earlier pilot plant studies of microbial and biological materials deactivated by a 
high-temperature short-time sterilizer (HTST) did not consider bacteriophage 
inactivation because (a) bacteriophage was considered an addressable nuisance in 
the operation of the facility, (b) bacteriophage libraries specific to the BioPDO™ 
production microorganism had not been assembled, and (c) risks to a commercial 
process remained largely speculative. Furthermore, the closest-related bacterio-
phage, RTP-phage had not been isolated and described until after the plant start-up 
in 2006. Subsequent heat-inactivation studies on phage-contaminated batches 
after facility start-up were successful in showing that bacteriophage particles were 
not completely deactivated in the HTST broth deactivation system, mainly due to 
resistance to heat inactivation [30, 31].

Other weaknesses in containment systems were gas and liquid sampling  systems, 
which were commonly used in the fermentation industry for respiratory gas 
analysis and control through feedback loops, and in-process analytical for measur-
ing broth parameters associated with growth and product production, respectively. 
Once free of containment systems, the bacteriophage particles were unintention-
ally disseminated by human activity and other environmental mechanisms. This 
disseminated material served to challenge sterile barriers that were in place for air 
filtration, filters used for sterile filtration of liquids used in the process, and cross 
contamination of microbiology process laboratories, which impacted the seed train, 
and laboratory diagnostic tests.

The ecological aspects of DTL bacteriophage are poorly characterized due to the 
lack of historical environmental samples from the fermentation facility during the 
period of the initial infection. We are in agreement with the proposal of Tanji et al. 
[14] that the most likely source of phage contamination for an E. coli culturing 
process is human, and the initial source of DTL-phage in the BioPDO™ facility, 
was most likely also human. The fact that DTL phage is now prevalent in the plant 
environment is thought to be mainly a result of a series of lytic events in produc-
tion fermentors that established localized concentrations of the bacteriophage in 
reservoirs that are inhabited by natural populations of E. coli, or closely related 
microorganisms that are susceptible to this bacteriophage.

One of the most significant failure points in the commercial fermentation facil-
ity process for bacteriophage entry was through sterile filtration barriers. The small 
size of DTL-phage (capsid diameter = 0.075 μm) supports passage of the virus 
through liquid-service filtration systems (0.2–0.45 μm cutoff size), and conditional 
passage through gas-phase filtration systems (0.2 μm cutoff size) when entrained 
liquid is present. Aerial transfer of bacteriophage particles is well-established as a 
route for contamination of industrial fermentation processes [29, 30]; therefore, 
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in the CRISPR pathway creates an approximately 20–25 base pair cut (this varies 
between species and CRISPR subtypes). This snippet of DNA is then integrated 
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a single-stranded transcript that is homologous to the DNA of the intruding bacte-
riophage. The palindromic repeats flanking the element serve to bind the short frag-
ment of transcript to a nuclease, which is then guided by the homologous element to 
potential binding sites on the intruding segment of DNA, where a single cut is made 
rendering it nonfunctional.

Since it was established earlier that the BioPDO™ E. coli production host did not 
carry a functional CRISPR operon in its genome, and the specific binding site of the 
DTL-phage was originally unknown, work was initiated with CRISPR to generate 
a spacer library specific to DTL-phage infection. The well-characterized CRISPR 
cassette of Streptococcus thermophilus was amplified, and its 12 bacteriophage spacers 
(remnants of previously acquired resistance in this species) were replaced with seven 
spacers that were homologous to different regions of the DTL-phage genome. These 
seven spacers were specifically chosen to deliver CRISPR-nuclease-delivered cuts 
in the middle of important open reading frames within the bacteriophage genome, 
thereby ensuring overwhelming and targeted knockout of its genetic functionality.

Upon incorporation of this tailored cassette to the BioPDO™ E. coli production 
strain, plaque assays and phage challenges indicated the organism had obtained full 
resistance to this bacteriophage, as indicated by the lack of plaques formed in experi-
ments using phage titers as high as 106 phage particles per milliliter. The utilization 
of multiple homologous spacers was an important aspect of this project to reduce the 
potential for resistance. Because CRISPR resistance depends on homologous binding 
of spacers bound to the CRISPR nuclease to the intruding phage DNA, a single SNP 
acquired within the homologous stretch of DNA in the phage genome could disrupt 
the DNA-nuclease interaction, rendering that spacer no longer active. The use of seven 
 targeted spacers minimizes the potential for resistance, and no significant energy or ATP 
burden related to the lack of fitness hypothesis, proposed by Vale et al., was observed 
[19]. Although Vale et al., proposed a threshold number of four spacers as the limit 
regarding negative impacts on cell fitness, the slight increase to a seven-spacer library 
appeared to have no negative consequences on 1,3-propanediol synthesis rate [7].

Figure 7. 
Bacteriophage plaque assay plate showing the presence of E. coli colonies growing in the zone of clearing that 
are resistant to DTL-phage challenge.
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Host resistance to bacteriophage infection is only a partial solution to the 
prevention of bacteriophage in fermentation processes. This approach must be 
balanced with effective facility sanitation procedures, active bacteriophage surveil-
lance programs that are coupled with reservoir elimination efforts, and finally, the 
validation, maintenance, and monitoring of aseptic barriers utilized in the process 
for bacteriophage exclusion.

As mentioned previously, bacteriophage-infected production fermentors 
for the BioPDO™ process were estimated to release approximately 2 × 1015 viral 
particles per affected fermentor based on a 300-burst size model. Bacteriophage-
contaminated air and liquid in fermentors was transferred to vent and broth 
deactivation systems where the viral particles were presumed to be deactivated. 
Earlier pilot plant studies of microbial and biological materials deactivated by a 
high-temperature short-time sterilizer (HTST) did not consider bacteriophage 
inactivation because (a) bacteriophage was considered an addressable nuisance in 
the operation of the facility, (b) bacteriophage libraries specific to the BioPDO™ 
production microorganism had not been assembled, and (c) risks to a commercial 
process remained largely speculative. Furthermore, the closest-related bacterio-
phage, RTP-phage had not been isolated and described until after the plant start-up 
in 2006. Subsequent heat-inactivation studies on phage-contaminated batches 
after facility start-up were successful in showing that bacteriophage particles were 
not completely deactivated in the HTST broth deactivation system, mainly due to 
resistance to heat inactivation [30, 31].

Other weaknesses in containment systems were gas and liquid sampling  systems, 
which were commonly used in the fermentation industry for respiratory gas 
analysis and control through feedback loops, and in-process analytical for measur-
ing broth parameters associated with growth and product production, respectively. 
Once free of containment systems, the bacteriophage particles were unintention-
ally disseminated by human activity and other environmental mechanisms. This 
disseminated material served to challenge sterile barriers that were in place for air 
filtration, filters used for sterile filtration of liquids used in the process, and cross 
contamination of microbiology process laboratories, which impacted the seed train, 
and laboratory diagnostic tests.

The ecological aspects of DTL bacteriophage are poorly characterized due to the 
lack of historical environmental samples from the fermentation facility during the 
period of the initial infection. We are in agreement with the proposal of Tanji et al. 
[14] that the most likely source of phage contamination for an E. coli culturing 
process is human, and the initial source of DTL-phage in the BioPDO™ facility, 
was most likely also human. The fact that DTL phage is now prevalent in the plant 
environment is thought to be mainly a result of a series of lytic events in produc-
tion fermentors that established localized concentrations of the bacteriophage in 
reservoirs that are inhabited by natural populations of E. coli, or closely related 
microorganisms that are susceptible to this bacteriophage.

One of the most significant failure points in the commercial fermentation facil-
ity process for bacteriophage entry was through sterile filtration barriers. The small 
size of DTL-phage (capsid diameter = 0.075 μm) supports passage of the virus 
through liquid-service filtration systems (0.2–0.45 μm cutoff size), and conditional 
passage through gas-phase filtration systems (0.2 μm cutoff size) when entrained 
liquid is present. Aerial transfer of bacteriophage particles is well-established as a 
route for contamination of industrial fermentation processes [29, 30]; therefore, 
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air filtration systems play a large role in protecting the fermentation process from 
airborne bacteriophage particles.

Our empirical studies on the Donaldson sterile air filter, model P-SRF N 30/30 
(0.2 μm absolute, expanded PTFE filter membrane) indicated that the filter was 
100% effective in rejection of DTL-phage particles if the filter remained above 
the system pressure dew point temperature of 102.5°F (Figure 8). Since the design 
temperature of air present in the header was 122, the 102.5°F pressure dew point 
was considered to have sufficient safety factor to prevent formation of condensate. 
Wetting of the filter was correlated strongly with lytic infections by DTL-phage 
[7]. Wetting of the sterile filter due to entrained water in the process air header 
was infrequently observed when: (a) low ambient temperatures cooled areas of 
the process air header that were not adequately protected with heat tape and/or 
insulation (Figure 9), (b) cooling tower water or chilled water from the intercooler 
and/or aftercooler heat exchangers on the air compressor leaked into the air stream 
and traveled through the air header to prefilters and sterile filters, (c) low-point 
zones in the process header not adequately drained with autopurging condensate 
traps, and (d) high-temperature excursions of the chilled water system, which was 
used to condense water in the compressed air product stream. A critical factor for 
surveillance and prevention of bacteriophage contamination was the integration of 
dew point sensors at upstream locations from the sterile filter, and more frequent 
sterilizations of the filters in the sterile filter housing. Since sterile filters have a 
limitation of approximately 170 steam cycles, more frequent sterilization served to 
increase the number of filter replacements and overall process costs.

Bubble column bioreactors used in aerobic fermentation processes require 
large volumes of air to meet the oxygen uptake requirements for E. coli cells in the 
fermentation, as well as a means for mixing to drive heat transfer, gas solubility, 
CO2 ventilation or removal, and mixing of substrates, and other feeds. Due to the 
expense of water vapor removal in very large volumes of air, many fermentation 
systems utilize ANSI/ISA-7.0.01-1996 air quality class 6 or lower specifications, 
which establish a dew point of 50°F at atmosphere pressure. This type of air com-
pressor system, which contains chilled fluid after-coolers, passes the compressed 
air through a cooled heat exchanger, causing water vapor to condense out of the air 
stream, and typically produces air with a dew point not lower than 41°F (5°C). The 
pressure dew point refers to the dew point temperature of a gas under pressure, 
which in this case is increased to a value of 102.5°F at a pressure of approximately 
84.7 psia (Figure 9). The main issues with this system are (a) the potential for 

Figure 8. 
Sterile process of destructive disassembly a Donaldson sterile air filter, model P-SRF N 30/30 (0.2 μm absolute, 
expanded PTFE filter membrane) for bacteriophage diagnostic testing. Note the dark water staining on 
protective prefilter barrier layer on the filter.
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heat exchanger leakage into the air stream and (b) temperature excursions of the 
cooling fluid (chilled water), due to its use in other areas of the manufacturing 
facility. Temperature excursions for chilled water were found to reduce the ability 
of the after-cooler to remove water vapor in air supplied to the fermentors, which 
increased the potential for condensate to form in the process air header. This con-
densate was found to cause passage of bacteriophage particles through the sterile, 
0.2-μm air filter.

Deviations from aseptic design principles are nearly always a root cause for 
introduction of foreign bacterial growth and bacteriophage into axenic fermenta-
tion systems. A deviation in these principles occurred as part of the risk mitigation 
effort to prevent condensate formation in the process air header. As part of this 
project, sterile air bypass lines were installed on the air header line to eliminate 
zero air flow conditions that occurred during the sterilization cycle for fermentors. 
During fermentor sterilization, sterile air flow was stopped, and a 45 psig steam 
feed line between the sterile filter housing and fermentor was opened. During the 
90-minute sterilization cycle, the temperature of the air header was found to drop 
well below the pressure dew point, especially during cold weather months, which 
introduced condensate upstream of the sterile air filters. Introduction of a process 
steam line upstream of the sterile filter housing, as is done more commonly in the 
industry, was not considered a best practice because the sterile air filter would 
remain wetted for a short period after the steam sterilization process was com-
pleted, and nonsterile air flow was reinitiated as a feed stream to the filter housing. 
The wetted filter was believed to promote passage of bacteriophage particles into 
the fermentor. One solution, practiced at a separate facility, was to have a secondary 
low-flow sterile air header upstream of the main sterile filter housing that provided 
sterile dry air to the housing after the steam sterilization to dry the wet sterile fil-
ters. As these former solutions required significant down time to perform repiping, 
two other solutions were prioritized: (1) ensure that heat tracing and insulation of 
the air header was sufficient to maintain temperature above the pressure dew point 
and (2) prevent the low or no-air-flow condition by adding a small diameter purge 
line directly after the sterile air filter housing to provide constant flow in the air 
header. Due to the potential for ammonia gas in the bypass air stream, piping effort 
focused on connection of this line to the fermentor exhaust header, which contained 
an ammonia scrubber system. The new piping system did not contain proper 
aseptic barriers and steam-purged interlocks, which then permitted backflow of 

Figure 9. 
Diagram of the process air system that provided a sterile-filtered air to a production fermentor.
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temperature of air present in the header was 122, the 102.5°F pressure dew point 
was considered to have sufficient safety factor to prevent formation of condensate. 
Wetting of the filter was correlated strongly with lytic infections by DTL-phage 
[7]. Wetting of the sterile filter due to entrained water in the process air header 
was infrequently observed when: (a) low ambient temperatures cooled areas of 
the process air header that were not adequately protected with heat tape and/or 
insulation (Figure 9), (b) cooling tower water or chilled water from the intercooler 
and/or aftercooler heat exchangers on the air compressor leaked into the air stream 
and traveled through the air header to prefilters and sterile filters, (c) low-point 
zones in the process header not adequately drained with autopurging condensate 
traps, and (d) high-temperature excursions of the chilled water system, which was 
used to condense water in the compressed air product stream. A critical factor for 
surveillance and prevention of bacteriophage contamination was the integration of 
dew point sensors at upstream locations from the sterile filter, and more frequent 
sterilizations of the filters in the sterile filter housing. Since sterile filters have a 
limitation of approximately 170 steam cycles, more frequent sterilization served to 
increase the number of filter replacements and overall process costs.

Bubble column bioreactors used in aerobic fermentation processes require 
large volumes of air to meet the oxygen uptake requirements for E. coli cells in the 
fermentation, as well as a means for mixing to drive heat transfer, gas solubility, 
CO2 ventilation or removal, and mixing of substrates, and other feeds. Due to the 
expense of water vapor removal in very large volumes of air, many fermentation 
systems utilize ANSI/ISA-7.0.01-1996 air quality class 6 or lower specifications, 
which establish a dew point of 50°F at atmosphere pressure. This type of air com-
pressor system, which contains chilled fluid after-coolers, passes the compressed 
air through a cooled heat exchanger, causing water vapor to condense out of the air 
stream, and typically produces air with a dew point not lower than 41°F (5°C). The 
pressure dew point refers to the dew point temperature of a gas under pressure, 
which in this case is increased to a value of 102.5°F at a pressure of approximately 
84.7 psia (Figure 9). The main issues with this system are (a) the potential for 

Figure 8. 
Sterile process of destructive disassembly a Donaldson sterile air filter, model P-SRF N 30/30 (0.2 μm absolute, 
expanded PTFE filter membrane) for bacteriophage diagnostic testing. Note the dark water staining on 
protective prefilter barrier layer on the filter.

103

Surveillance and Elimination of Bacteriophage Contamination in an Industrial Fermentation…
DOI: http://dx.doi.org/10.5772/intechopen.81151

heat exchanger leakage into the air stream and (b) temperature excursions of the 
cooling fluid (chilled water), due to its use in other areas of the manufacturing 
facility. Temperature excursions for chilled water were found to reduce the ability 
of the after-cooler to remove water vapor in air supplied to the fermentors, which 
increased the potential for condensate to form in the process air header. This con-
densate was found to cause passage of bacteriophage particles through the sterile, 
0.2-μm air filter.

Deviations from aseptic design principles are nearly always a root cause for 
introduction of foreign bacterial growth and bacteriophage into axenic fermenta-
tion systems. A deviation in these principles occurred as part of the risk mitigation 
effort to prevent condensate formation in the process air header. As part of this 
project, sterile air bypass lines were installed on the air header line to eliminate 
zero air flow conditions that occurred during the sterilization cycle for fermentors. 
During fermentor sterilization, sterile air flow was stopped, and a 45 psig steam 
feed line between the sterile filter housing and fermentor was opened. During the 
90-minute sterilization cycle, the temperature of the air header was found to drop 
well below the pressure dew point, especially during cold weather months, which 
introduced condensate upstream of the sterile air filters. Introduction of a process 
steam line upstream of the sterile filter housing, as is done more commonly in the 
industry, was not considered a best practice because the sterile air filter would 
remain wetted for a short period after the steam sterilization process was com-
pleted, and nonsterile air flow was reinitiated as a feed stream to the filter housing. 
The wetted filter was believed to promote passage of bacteriophage particles into 
the fermentor. One solution, practiced at a separate facility, was to have a secondary 
low-flow sterile air header upstream of the main sterile filter housing that provided 
sterile dry air to the housing after the steam sterilization to dry the wet sterile fil-
ters. As these former solutions required significant down time to perform repiping, 
two other solutions were prioritized: (1) ensure that heat tracing and insulation of 
the air header was sufficient to maintain temperature above the pressure dew point 
and (2) prevent the low or no-air-flow condition by adding a small diameter purge 
line directly after the sterile air filter housing to provide constant flow in the air 
header. Due to the potential for ammonia gas in the bypass air stream, piping effort 
focused on connection of this line to the fermentor exhaust header, which contained 
an ammonia scrubber system. The new piping system did not contain proper 
aseptic barriers and steam-purged interlocks, which then permitted backflow of 

Figure 9. 
Diagram of the process air system that provided a sterile-filtered air to a production fermentor.
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contaminated waste gas into the fermentor air header (poststerile filter) under 
infrequent vent header over-pressure events.

One of the more surprising discoveries in this work was the level of bacterio-
phage contamination (up to 7 × 103 plaque forming units per square centimeter) in 
the process air header, as well as the surface of sterile air filters between sterilization 
cycles. This result indicated that the extremely short, but elevated air temperature 
of 260°F between the air compressor and after-cooler was insufficient in deactivat-
ing DTL-phage (Figure 9). Based on this finding, air header sanitation procedures 
were developed to infrequently steam sterilize the air header for the location 
between the preair filter housing and the air compressors. While this practice 
reduced phage burden in the air header, it could not be operated in a continuous 
mode, and therefore, the sterile air filters served as the only barrier to bacteriophage 
entry. Additional design improvements related to a secondary barrier for airborne 
phage entry include: (a) a heat-sterilization system on the product side of the air 
compressor to elevate the temperature to 300°F, and increase temperature hold time 
by 10-fold to 1 second, and (b) filtration/precipitation systems for pretreatment of 
supply air to the air compressors.

Generation of bacteriophage aerosols in the BioPDO™ manufacturing facility 
is largely driven by failure points in containment systems, including the industry-
standard water-web hypochlorous acid scrubber system for fermentor vent stream 
treatment, as well as the use of open liquid transfer systems, such as trench drains 
that are used for streams originating from steam interlocks on sample systems, 
drains from sample sinks, drains from vapor–liquid separators, and unintended 
leaks from heat exchangers and piping. Efforts to ensure that these streams are 
transferred by closed piping systems to chemical or steam deactivation systems 
is critical for achieving low airborne concentrations of bacteriophage in the 
manufacturing environment. Frequent cleaning of these areas with disinfectants 
has been shown to be critical for limiting dispersion in the manufacturing facility 
 environment [32].

3. Conclusions

As the most abundant biological entity on the planet, bacteriophages play 
an important ecological role in ecosystems and have also been exploited for the 
development of many modern technologies, including gene transfer and treatment 
of bacterial infections [7, 14, 21, 23]. The presence of bacteriophage in an industrial 
fermentation facility can be a serious problem, resulting in reduced product  quality, 
loss in production facility operability, and financial losses to a business. In this 
chapter, we have described basic and applied research efforts around our goal of 
reducing the impact of bacteriophage-related losses in a commercial process for the 
manufacture of 1,3-propanediol. The key to success in these efforts was the devel-
opment of rapid diagnostic methods that were subsequently leveraged by a diverse 
team to quickly diagnose and eliminate sources of bacteriophage in a fast-paced 
manufacturing environment.

Many of the solutions related to operating a manufacturing facility bacterio-
phage-free require participation of a cross-disciplinary team that encompass many 
areas of expertise, including virology, microbiology, microbial ecology, chemical, 
and mechanical engineering. As with any new biomanufacturing process, designers 
utilize a basic set of assumptions that serve in the design and construction of the 
facility. Some of these assumptions are not fully tested in a pilot plant, and the issues 
that arise are often seen for the first time in the commercial fermentation facility. 
In this chapter, we have characterized issues related to the use of 0.2 μm (absolute) 
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sterile filters as the only mechanism for exclusion of bacteriophage from the fer-
mentation process. This issue is especially problematic since these filters were not 
specifically designed for removal of irregular bacteriophage particles with diameters 
(0.075 μm), which is significantly smaller than the stated filter cutoff size.

Our studies indicate that CRISPR/Cas9-mediated resistance to bacteriophage 
DTL in the E. coli PDO production strain is a highly effective strategy for elimi-
nating bacteriophage virulence. The CRISPR spacer customization strategy 
further ensures that spacers are not generated against foreign DNA that that is 
inserted into the production host as part of future host improvement (transfor-
mation) projects. Furthermore, the metabolic burden hypothesis proposed by 
Vale et al. [19] is avoided since we have limited the spacer library to a total of 
seven spacers. The main disadvantage of this approach is that this recombinant 
CRISPR system has a narrow range of bacteriophage specificity, and that there 
is a significant selection pressure for sequence modifications that are not recog-
nized by this existing spacer library. In this regard, there is a difficult balance 
between spacer library size as an assurance of bacteriophage resistance, and 
acceptance of lower 1,3-propanediol productivity due to the metabolic burden 
due to the increase in spacer library size.
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Chapter 7

Targeting Peptides Derived from 
Phage Display for Clinical Imaging
Supang Khondee and Wibool Piyawattanametha

Abstract

Phage display is a high-throughput technology used to identify peptides or 
proteins with high and specific binding affinities to a target, which is usually a 
protein biomarker or therapeutic receptor. In general, this technique allows peptides 
with a particular sequence to be presented on a phage particle. Peptides derived 
from phage display play an important role in drug discovery, drug delivery, cancer 
imaging, and treatment. Phage peptides themselves can act as sole therapeutics, for 
example, drugs, gene therapeutic, and immunotherapeutic agents that are com-
prehensively described elsewhere. In this chapter, we discuss phage selection and 
screening procedures in detail including some modifications to reduce nonspecific 
binding. In addition, the rationale for discovery and utilization of phage peptides 
as molecular imaging probes is focused upon. Molecular imaging is a new paradigm 
that uses advanced imaging instruments integrated with specific molecular imaging 
probes. Applications include monitoring of metabolic and molecular functions, 
therapeutic response, and drug efficacy, as well as early cancer detection, personal-
ized medicine, and image-guided therapy.

Keywords: peptides, membrane receptors, imaging, phage display, endoscopy

1. Introduction

One of the most important practices in modern era clinical imaging is imaging 
at the molecular level which can help characterize and measure in vivo biologi-
cal processes at the cellular level [1]. Thus, the technique provides unambiguous 
and  high-resolution real-time information for disease diagnoses and therapies. 
In addition, molecular imaging is usually noninvasive as a biologically active, 
 receptor-specific, targeting vector conjugated to a radioligand, nanoparticle, and/or 
fluorescent/magnetic resonance imaging (MRI) probe is administered first, and then 
the probe signals can be quantified by positron emission tomography (PET), single-
photon emission computed tomography (SPECT), magnetic resonance imaging 
(MRI), fluorescence imaging, or ultrasound. The specificity of probes may be contrib-
uted from targeting peptides, small proteins, and antibodies linked to the probes [2].

One of the most important aspects in successful molecular imaging is the devel-
opment of imaging probes. Initial efforts focused on probes that are radiolabeled 
small molecules or macromolecules, e.g., monoclonal antibodies and their frag-
ments [3]. Most such probes are unsuccessful because small molecules provide low 
specificity, whereas the antibodies have low target permeability. Taken into account 
altogether, these probes have low contrast between target tissues and background, 
leading to poor imaging qualities. Compared to small molecules and antibodies, 
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peptide imaging probes are more promising. The peptide length varies from several 
to approximately 50 amino acids [4]; thus they are usually more specific than 
small molecules and also more permeable than antibodies. The peptides have high 
capillary permeability, which allows efficient penetration into tissues. In addition, 
they also have high uptake rates in the target and rapid clearance from blood [1]. 
These distinctive advantages facilitate peptides as popular imaging probes. Such a 
probe is usually composed of a targeting peptide, a linker, and an imaging moiety. 
The linkers commonly are organic spacers, macrocyclic or branched chelators, and 
polymers, which link peptides with appropriate moieties. Different moieties render 
the probes observable by various devices, e.g., near-infrared (NIR) fluorescent dyes 
or quantum dots for optical imaging, radionuclides for PET or SPECT, and para-
magnetic agents for MRI.

Phage display technology is a powerful approach to screen for peptides with high 
affinities and specificities to biomarkers. This technology was established by Smith 
et al. in 1985 to display polypeptides on the surface of filamentous M13-derived 
bacteriophage (phage) [5]. This technique modifies the phage genome to fuse the 
deoxyribonucleic acid (DNA) encoding a peptide to a gene encoding a protein 
comprising the phage coat; thus the peptide appears on the surface of the phage. 
In this way, each phage contains a single-peptide variant and its encoding DNA 
sequence, thus retaining a genotype-phenotype linkage. A library or pool of phages 
normally contains 109–1011 peptide variants for screening. The selection procedure 
consists of three main steps: (1) panning the pool of phages on the immobilized 
biomarker, (2) removing unbound phages by washing, and (3) elution of bound 
phages. After several rounds of such selections, the peptide sequences with high 
affinities to the biomarker are determined by sequencing the encoding DNAs in the 
phages. Specificity of the peptides can be also improved by adding extra negative 
selection steps [6].

Since its inception nearly 45 years ago, phage display has been widely used in 
thousands of research papers to isolate peptides that bind various targets [7]. The 
phage peptides are labeled with imaging agents such as radioactives, fluorescences, 
and nanoparticles. These probes have been successfully used to image tumors and 
cancers [8–10]. Moreover, phage display also influenced many other scientific fields 
such as drug discovery, vaccine development, and targeted drug delivery and gene 
therapy. With advances in molecular biology, the number of disease-associated 
biomarkers at the molecular level is ever-increasing. These new discoveries are 
motivating the applications of phage display to diagnostic imaging and targeted 
drug delivery.

2. Phage biology and phage selection screening methods

2.1 Phage biology

Bacteriophages (or phages) are viruses that infect bacteria. Phage virions vary 
widely in size, shape, and complexity, and phage genomes range in size from 3.4 kb 
to almost 500 kb [11]. Most phage genomes (>95%) discovered to date are linear, 
double-stranded DNAs (dsDNAs), but there are also genomes that are single-
stranded DNAs (ssDNA), circular DNAs, and RNAs [12]. The phage genome is 
packed into a protein capsid, which together form a phage particle. Some phages, 
such as pleomorphic phages, are further covered by bacterial lipoprotein membrane 
during budding [13]. As a parasite, the phage life cycle is intertwined with that of 
the host cell, i.e., bacteria. The phage particle first attaches itself to a host cell by 
specific recognition of a receptor or other surface moiety of the host; then the phage 
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nucleic acids are inserted into the host cell. Inside the host cell, the phage genome 
shuts down defense mechanisms of the host and hijacks host cellular components 
to replicate phage genome and express capsid genes from the phage genome. 
Eventually, phage genomes and capsids are assembled into progeny phage particles. 
These phage particles emerge from the host cell, which usually results in cell lysis by 
phage proteins (Figure 1).

Phages were discovered by Twort in 1915 and d’Hérelle in 1917 [12], respectively. 
Now, it is clear that phages are the most abundant organisms on the earth; they 
have been found in every environment with bacteria. An estimated 1031 phage 
particles exist on earth. Since the 1940s, phages have been model organisms and 
have contributed to molecular biology substantially. The most remarkable contribu-
tions include revealing the random nature of mutation, the discovery of DNA as the 
genetic material, and the understanding of gene expression control. With advances 
in biotechnology, phage display was established by Smith in 1985.

In phage display, the most widely used phage is the M13 strain of filamentous 
bacteriophage. This type of phage infects F plasmid-containing gram-negative 
bacteria, such as Escherichia coli. Besides M13, other members of filamentous phages 
such as f1 and fd strains have also been used for phage display [14]. These phages 
have circular single-stranded DNA (ssDNA). The genome is composed of 11 genes 
[15], which are classified into three groups by functions. The first group comprises 

Figure 1. 
A scheme presents lytic and lysogenic stages of phage.
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capsid proteins: protein III (pIII), pVI, pVII, pVIII, and pIX; the second group is for 
DNA replication, pII, pV, and pX; the last group consists of proteins for assembly, 
pI, pIV, and pXI. This genome is contained in a protein coat to form a phage particle 
of 6.5 nm in width and ~900 nm in length. Normally, filamentous phage is not lytic; 
thus phages are released from bacteria without bacterial lysis. Instead of phage M13, 
phage display can also use phagemid, which is simply a plasmid with a phage origin 
of replication so that the plasmid can be replicated and packaged into phage par-
ticles. The phagemid as a cloning vector needs helper phage to complete its infection 
process and virion packaging [16].

2.2 Phage selection screening methods

2.2.1 Peptide library

Peptide library construction is the first step in selecting peptides with high affini-
ties to the target of interest. Each of the 20 amino acids is encoded by codons, and 
each codon consists of three consecutive nucleotides. There are four types of nucleo-
tides, denoted as A (adenine), G (guanine), C (cytosine), and T (thymine). A random 
peptide is constructed by synthesizing an oligonucleotide containing (NNK)n, where 
N stands for any of the four nucleotides, K stands for either G or T, and n indicates the 
desired length of the peptide. Note that only G or T is introduced to the third position 
of a codon because this reduces the frequency of stop codons (NNN generates three 
stop codons: TAA, TGA and TAG, whereas NNK generates only one codon: TAG). To 
add a site with N, simply provide an equimolar mixture of A, T, G, and C, and 
randomly one of them is added at the end of the nucleotide chain. As for a site with K, 
just provide a mixture of G and T to the reaction [17]. In this way, numerous oligo-
nucleotides are synthesized in parallel, and each oligonucleotide encodes a random 
peptide. Note that the NNK codon pattern is generated by controlling nucleotide types 
to be added in reactions. This simple rule can be modified to create particular codons, 
e.g., allowing no stop codon or creating codons of charged residues.

Peptide libraries often have short peptide lengths, approximately less than 50 
residues. The optimum length required for the randomized displayed peptide is often 
unknown before selection and varies with many factors including the folding proper-
ties of the displayed peptide and the target of interest. For a library of random pep-
tides with seven residues, the maximum number of different peptides is 207. However, 
this number is usually unapproachable due to codon degeneracy and early stop codon. 
In other words, a library usually contains redundant peptides and peptides shorter 
than desired. On the other hand, the capacity of selection is limited by transfection, 
i.e., only 108–1010 phages, each encloses one peptide, can be transformed into E. coli 
by electroporation or other techniques. Taken together, the diversity of a library is 
important for the success of selection and screening for high affinity peptides. A typi-
cal commercially available library archives peptide diversity at the level of 109 [4].

In M13 phage, the oligonucleotides encoding random peptides are mostly fused 
to the N-terminus of pIII, with a spacer as a linker to generate a phage library. 
Another widely used gene for peptide display is the one encoding pVIII. Both 
pIII and pVIII are the major and minor capsid proteins, accessible from the outer 
surface of the phage. pIII has 406 residues, and for each phage, there are in total 
3–5 pIII proteins which form a knob-like structure at one end of the phage. This 
structure is responsible for infection of bacteria via the F-pilus, virion stability, 
and assembly termination. The peptides linked to pIII for display almost have no 
restriction on length, facilitating pIII as the mostly targeted for peptide display 
applications. As for pVIII, it is a short helical protein (50 residues) [18], and about 
2700 pVIII molecules are present on the capsid. However, only the three residues 
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at the N-terminus are accessible from the outer surface of the phage. Unlike pIII, 
pVIII can tolerate only short peptides with less than ten residues to be linked and 
successfully displayed, which is likely due to interrupted assembly by long peptides. 
However, this problem can be alleviated by reducing the density of pVIII mutants 
[19]. Interestingly, some other capsid proteins such as pV1, pVII, and pIX have 
poorer accessibilities on the phage surface but nevertheless successfully display 
peptides for screening [19].

2.2.2 In vitro screening

In a phage library, each of the trillion phages displays a single variant of random 
peptides on its surface. Many methods have been developed to identify the peptides 
that have high affinities to the target of interest, e.g., a biomarker protein. To this end, 
biopanning is the most commonly used method, and it has many variations to improve 
the performance of selection and screening or to accommodate for special targets [20].

Biopanning consists of four basic steps: (i) target immobilization, (ii) phage 
binding, (iii) washing, and (iv) phage elution. In the first step, the target of interest 
is purified and immobilized on plates. Some targets are not able to maintain struc-
tural integrity after being separated from cells, e.g., some transmembrane proteins. 
Therefore, whole cells or engineered cells may instead be immobilized on plates or 
suspended in solutions in this step [21]. In phage binding, the phages in a library 
are incubated with the plate, and appropriate buffers are also added to facilitate 
the binding reactions between the displayed peptides on phages and the targets on 
plates. After that, the plates are washed to remove unbound phages. Phage elution 
is to acquire the bound phages by disrupting the interaction between the peptides 
and the targets. This disruption is conducted by changing pH or adding compet-
ing ligands, denaturant, or protease. The eluted phages are amplified by infecting 
E. coli. The phages may go through another round of biopanning or are subject to 
DNA sequencing to determine the peptide sequences (Figure 2). These peptides are 
considered to possess high affinities to the target.

Following several rounds of biopanning, the selected peptides have high affini-
ties to the target but may not have high specificities, i.e., the peptides may also bind 
to nontargets with high affinities. To this end, subtractive screening can be added 
to the basic biopanning steps. The subtractive strategy allows phages to interact 
with nontargets, and thus the unbound phages are candidates that are specific to 
the target of interest. For example, to identify the peptides that specifically bind 
to esophageal cancer cells, Zhang et al. use normal human esophageal epithelial 
cells as the nontarget to perform subtractive screening, followed by screening 
against esophageal cancer cells. They repeated this procedure for three rounds and 
discovered two peptides that exhibited higher binding affinities and specificities 
for the cancer cells, which were validated by enzyme-linked immunosorbent assays 
(ELISAs), immunofluorescence assays, and immunohistochemistry assays [6].

Improvement of peptide library screening could be performed through small 
modifications. A stepwise reduction of elution buffer pH in the final round of 
biopanning reduces low affinity phages, thus effectively further enriching for high 
affinity phages. Optimized commercial kits are also available, for example, solid-
phase screening, solution-sorting screening, kinetic antibody binding screening, 
and capture-sandwich ELISA screening [22, 23].

2.2.3 In vivo screening

In vivo screening of phage display is designed to isolate tissue-specific binders 
in living animals. Unlike in vitro screening, this in vivo approach considers the 
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at the N-terminus are accessible from the outer surface of the phage. Unlike pIII, 
pVIII can tolerate only short peptides with less than ten residues to be linked and 
successfully displayed, which is likely due to interrupted assembly by long peptides. 
However, this problem can be alleviated by reducing the density of pVIII mutants 
[19]. Interestingly, some other capsid proteins such as pV1, pVII, and pIX have 
poorer accessibilities on the phage surface but nevertheless successfully display 
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In a phage library, each of the trillion phages displays a single variant of random 
peptides on its surface. Many methods have been developed to identify the peptides 
that have high affinities to the target of interest, e.g., a biomarker protein. To this end, 
biopanning is the most commonly used method, and it has many variations to improve 
the performance of selection and screening or to accommodate for special targets [20].

Biopanning consists of four basic steps: (i) target immobilization, (ii) phage 
binding, (iii) washing, and (iv) phage elution. In the first step, the target of interest 
is purified and immobilized on plates. Some targets are not able to maintain struc-
tural integrity after being separated from cells, e.g., some transmembrane proteins. 
Therefore, whole cells or engineered cells may instead be immobilized on plates or 
suspended in solutions in this step [21]. In phage binding, the phages in a library 
are incubated with the plate, and appropriate buffers are also added to facilitate 
the binding reactions between the displayed peptides on phages and the targets on 
plates. After that, the plates are washed to remove unbound phages. Phage elution 
is to acquire the bound phages by disrupting the interaction between the peptides 
and the targets. This disruption is conducted by changing pH or adding compet-
ing ligands, denaturant, or protease. The eluted phages are amplified by infecting 
E. coli. The phages may go through another round of biopanning or are subject to 
DNA sequencing to determine the peptide sequences (Figure 2). These peptides are 
considered to possess high affinities to the target.

Following several rounds of biopanning, the selected peptides have high affini-
ties to the target but may not have high specificities, i.e., the peptides may also bind 
to nontargets with high affinities. To this end, subtractive screening can be added 
to the basic biopanning steps. The subtractive strategy allows phages to interact 
with nontargets, and thus the unbound phages are candidates that are specific to 
the target of interest. For example, to identify the peptides that specifically bind 
to esophageal cancer cells, Zhang et al. use normal human esophageal epithelial 
cells as the nontarget to perform subtractive screening, followed by screening 
against esophageal cancer cells. They repeated this procedure for three rounds and 
discovered two peptides that exhibited higher binding affinities and specificities 
for the cancer cells, which were validated by enzyme-linked immunosorbent assays 
(ELISAs), immunofluorescence assays, and immunohistochemistry assays [6].

Improvement of peptide library screening could be performed through small 
modifications. A stepwise reduction of elution buffer pH in the final round of 
biopanning reduces low affinity phages, thus effectively further enriching for high 
affinity phages. Optimized commercial kits are also available, for example, solid-
phase screening, solution-sorting screening, kinetic antibody binding screening, 
and capture-sandwich ELISA screening [22, 23].

2.2.3 In vivo screening

In vivo screening of phage display is designed to isolate tissue-specific binders 
in living animals. Unlike in vitro screening, this in vivo approach considers the 
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complexity and heterogeneity of the living organism and thus is one step closer to 
clinical applications. The phage library is administered directly into a living animal 
and allowed to circulate for a period of time, and then the animal is sacrificed with 
the desired organ extracted and homogenized in saline. The lysates or pelleted cells 
of the organ are used to infect E. coli so that the phages with high-affinity binding 
peptides are amplified. This procedure is repeated several rounds, and the resul-
tant phages are sequenced to determine the binding peptide sequences. Similar to 
in vitro screening, in vivo screening can have a step to wash away unbound phages. 
It is achieved usually by perfusion of the left ventricle of the animal with saline [24].

In vivo screening faces a more complicated environment than in vitro screening 
and thus requires extra considerations. Filamentous bacteriophages are often used 
for in vitro screening; however these viral particles are quite long (>500 nm) and 
thus may have problems during extravasation to some tissues. For example, M13 
phage cannot be used to target liver parenchymal cells due to the impermeability 
problem [25]. Instead, T7 bacteriophage is used to identify peptides targeting livers 
because it is smaller in size. An even more challenging issue for in vivo phages is 
how to avoid immune surveillance for accurate phage displays. Host immune sys-
tem, particularly reticuloendothelial system, degrades phages quickly and increases 
nonspecific uptake in the liver and spleen. As expected, the severity of these 
phenomena reduces within immune-compromised nude and SCID mouse strains. 
Glycosylation and succinylation to wild-type M13 phages substantially reduce its 
half-life in murine bloodstream from 4.5 hours to 18 and 1.5 minutes, respectively 
[26]. This indicates that phages modified to display peptides should have a similarly 
short half-life, which is consistent with existing data. Therefore, the optimal time 
of phage library circulation needs to be determined before the actual in vivo phage 
display experiments. The time varies with phage modifications and targeted tissues.

Phage library administration is another concern for in vivo screening. 
Administration approaches determine circulation routes of phages in living animals. 

Figure 2. 
General scheme of affinity selection of target-specific peptides.
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The most widely used approach is intravenous delivery. It enables rapid exposure of 
the phages to vascular receptors of any organ or tissue. However, this approach is inap-
propriate to the discovery of peptides targeting brain tissues due to the blood-brain 
barrier. To this end, Wan et al. administered phage library intranasally and identified a 
peptide targeting the brain, which performs 50-fold better than random control pep-
tides. Other “bloodless” approaches including site-directed phage administrations and 
transdermal delivery have been used successfully to identify targeting peptides [27].

3.  General considerations for phage display to target membrane 
receptors

Membrane proteins are the most popular targets for diagnostic and therapeutic 
applications. The structures of membrane proteins are generally composed of three 
parts, i.e., the extracellular, transmembrane, and intracellular domains. The extra-
cellular domains are the primary targets of drug discovery and diagnosis. About 
60% of drug targets are membrane proteins [28]. More specifically, membrane 
proteins are targeted by the 61% monoclonal antibodies approved or under review 
as therapeutic drugs throughout Europe and the United States. This prevalence is all 
attributed to the unique properties of membrane proteins. First, they have various 
important biological functions such as in signaling and cell channels; thus drugs 
targeting them can manipulate cellular functions effectively. Second, membrane 
proteins are presented on cell surface and thus are more accessible than cellular 
proteins. Some membrane proteins can define cell types. For example, various 
cluster of differentiation (CD) markers are membrane proteins and define immune 
cell types. More importantly, diseases usually alter expression levels of membrane 
proteins. A well-known example is the overexpression of human epidermal growth 
factor receptor 2 (HER2) membrane protein in 20-25% of breast cancers.

Despite being popular targets, membrane proteins present a limitation for phage 
display. The key to a successful phage display is the presentation of correctly folded 
targets, i.e., native structures of extracellular domains (ectodomains) in membrane 
proteins. This is fairly easy for soluble proteins because they fold correctly in solution 
while being immobilized on a surface, whereas membrane proteins usually fail to 
fold into their native structure in solution without membranes [29]. For example,  
G protein-coupled receptors (GPCRs) constitute the largest class of drug targets but 
have had limited success in phage display due to their hydrophobic regions and com-
plicated ectodomains, which are usually comprised of the N-terminal chain, parts of 
the seven transmembrane helices, and their connecting loops. To stabilize the mem-
brane proteins, several methods have been developed. The principle of this method 
is to engineer the membrane proteins by mutations or adding hydrophilic domains so 
that they maintain stability in solution for phage display. Note that such engineering 
must not interfere with the native fold of the ectodomain of membrane proteins.

Another way to circumvent the limitation of unstable membrane proteins in solu-
tion is directly biopanning on whole cells instead of immobilizing membrane proteins 
on a surface as targets for phage display screening. Although this whole cell panning 
provides membrane proteins in native state as screening targets, it causes extra dif-
ficulties. First, the membrane protein may be present at low density on the cell surface; 
thus other nontargeted membrane proteins generate a high background noise. Second, 
other components on the surface of cells, such as sugar or lipid polymers, may seques-
ter phage particles for nonspecific uptake into a cell. Taken together, both of these 
possibilities facilitate the selection of nonspecific ligands, rendering phage display 
inefficient. To address these newly introduced problems, Jones et al. have reported a 
modified phage display screening for antibodies. The key innovation is that the cell is 
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complexity and heterogeneity of the living organism and thus is one step closer to 
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peptides are amplified. This procedure is repeated several rounds, and the resul-
tant phages are sequenced to determine the binding peptide sequences. Similar to 
in vitro screening, in vivo screening can have a step to wash away unbound phages. 
It is achieved usually by perfusion of the left ventricle of the animal with saline [24].

In vivo screening faces a more complicated environment than in vitro screening 
and thus requires extra considerations. Filamentous bacteriophages are often used 
for in vitro screening; however these viral particles are quite long (>500 nm) and 
thus may have problems during extravasation to some tissues. For example, M13 
phage cannot be used to target liver parenchymal cells due to the impermeability 
problem [25]. Instead, T7 bacteriophage is used to identify peptides targeting livers 
because it is smaller in size. An even more challenging issue for in vivo phages is 
how to avoid immune surveillance for accurate phage displays. Host immune sys-
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nonspecific uptake in the liver and spleen. As expected, the severity of these 
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Glycosylation and succinylation to wild-type M13 phages substantially reduce its 
half-life in murine bloodstream from 4.5 hours to 18 and 1.5 minutes, respectively 
[26]. This indicates that phages modified to display peptides should have a similarly 
short half-life, which is consistent with existing data. Therefore, the optimal time 
of phage library circulation needs to be determined before the actual in vivo phage 
display experiments. The time varies with phage modifications and targeted tissues.

Phage library administration is another concern for in vivo screening. 
Administration approaches determine circulation routes of phages in living animals. 

Figure 2. 
General scheme of affinity selection of target-specific peptides.
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The most widely used approach is intravenous delivery. It enables rapid exposure of 
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peptide targeting the brain, which performs 50-fold better than random control pep-
tides. Other “bloodless” approaches including site-directed phage administrations and 
transdermal delivery have been used successfully to identify targeting peptides [27].
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Membrane proteins are the most popular targets for diagnostic and therapeutic 
applications. The structures of membrane proteins are generally composed of three 
parts, i.e., the extracellular, transmembrane, and intracellular domains. The extra-
cellular domains are the primary targets of drug discovery and diagnosis. About 
60% of drug targets are membrane proteins [28]. More specifically, membrane 
proteins are targeted by the 61% monoclonal antibodies approved or under review 
as therapeutic drugs throughout Europe and the United States. This prevalence is all 
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targeting them can manipulate cellular functions effectively. Second, membrane 
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while being immobilized on a surface, whereas membrane proteins usually fail to 
fold into their native structure in solution without membranes [29]. For example,  
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plicated ectodomains, which are usually comprised of the N-terminal chain, parts of 
the seven transmembrane helices, and their connecting loops. To stabilize the mem-
brane proteins, several methods have been developed. The principle of this method 
is to engineer the membrane proteins by mutations or adding hydrophilic domains so 
that they maintain stability in solution for phage display. Note that such engineering 
must not interfere with the native fold of the ectodomain of membrane proteins.

Another way to circumvent the limitation of unstable membrane proteins in solu-
tion is directly biopanning on whole cells instead of immobilizing membrane proteins 
on a surface as targets for phage display screening. Although this whole cell panning 
provides membrane proteins in native state as screening targets, it causes extra dif-
ficulties. First, the membrane protein may be present at low density on the cell surface; 
thus other nontargeted membrane proteins generate a high background noise. Second, 
other components on the surface of cells, such as sugar or lipid polymers, may seques-
ter phage particles for nonspecific uptake into a cell. Taken together, both of these 
possibilities facilitate the selection of nonspecific ligands, rendering phage display 
inefficient. To address these newly introduced problems, Jones et al. have reported a 
modified phage display screening for antibodies. The key innovation is that the cell is 
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transfected so that the target membrane protein and green fluorescent protein (GFP) 
are highly expressed simultaneously. For phage display, the green fluorescence provides 
a means to select only the cells with the target membrane protein highly expressed on 
cell surface using fluorescence-activated cell sorting (FACS) [29]. In other steps of 
phage display, small but nontrivial modifications are also adopted to improve or over-
come the problems of using whole cells. For example, a low pH wash is found effective 
in removing phage that is present through nonantibody binding. Details of these many 
small modifications in phage display protocols are reviewed by Alfaleh et al. [30].

A third category of methods has also been developed to create cell membrane-
like microenvironments that preserve the stability and integrity of membrane 
proteins for phage display. In the first method, the membrane protein is purified 
in the presence of detergents, which forms micelles after exceeding their critical 
micellar concentration. These micelles mimic cell membrane and have been used 
in phage display to identify antibodies to the sodium-citrate cotransporter and 
the fluoride ion channel. However, detergent micelles themselves are unstable and 
heterogeneous in size, which may cause membrane proteins to unfold or aggregate. 
In another method, the membrane protein is inserted into a liposome, which is 
a bilayer structure that more closely mimics the cell membrane than detergent 
micelles. Recently, nanodiscs and virus-like particles (VLP) have been developed to 
mimic host membrane protein. Nanodiscs are macromolecular structures that spon-
taneously assemble when lipids and apolipoprotein A1 or B are mixed. In general, 
one nanodisc structure contains a lipid bilayer of ~1000 phospholipids bundled by 
two apolipoproteins. The diameter of a nanodisc is ~10 nm and thus houses only 
one membrane protein approximately. Nanodiscs can take in a membrane protein 
through coupled in vitro transcription-translation. A VLP contains viral capsid 
proteins, lipids, and membrane proteins on its surface, but not a viral genome. It is 
much more stable than native cells, micelles, and liposomes and thus can withstand 
wash buffers with detergents, which decreases nonspecific binding in phage display.

In summary, some simple ectodomains of membrane proteins can be directly 
immobilized on plastic surfaces and treated as soluble proteins in phage display, 
whereas some other membrane proteins need to be engineered to increase ectodo-
main stability and integrity before phage display. Various nanoparticles such as 
detergent micelle, nanodisc, and VLP have been developed to create membrane-like 
environments to house membrane proteins. Panning directly on wild-type cells or 
on engineered cells, e.g., with membrane proteins highly expressed, is another way 
to represent membrane proteins for phage display. Such methods have to manage 
high background noise from cells. However, these methods have a unique advan-
tage, i.e., consistent with native binding mechanisms. Many membrane receptors, 
e.g., cytokine receptors, exert their biological functions through ligand binding and 
dimerization. The ligand may interact with the monomer first and then mediate 
dimerization for function or bind to the dimer directly and then carry out its func-
tion. These two scenarios may both occur depending on the ligand concentrations 
[31]. Therefore, in those methods without whole cells, the monomer immobilized 
in phage display may not mimic the targets in vivo, and thus the ligand selected by 
phage display may not bind to in vivo receptors with high affinities.

4. Phage display provides potential therapeutic and diagnostic agents

Peptide phage display has played an important role in the development of 
clinically useful therapeutics and diagnostic agents. Peptide-based therapeutics 
have attracted a significant level of interest in the drug discovery and development 
industry. First, phage particles themselves can be used as the therapeutic agent. For 
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example, the M13 bacteriophage was used successfully to treat a bacterial infection 
by delivering DNA encoding for bactericidal toxin proteins [32].

Second, peptides derived from phage display can be used as therapeutic drugs. 
In 2017, peptide drug annual market was approximately $300–500 million and is 
estimated to increase 25% each year [33]. Compared to proteins and antibodies, 
peptides have numerous advantages, for example, low manufacturing costs, better 
activity and stability, negligible immunogenicity, and superior organ penetration. 
A number of peptide drugs developed from phage display technique have been 
approved or are currently in clinical trials. For example, DX-890, an inhibitor of 
human neutrophil elastase, with potential application in the treatment of pulmo-
nary diseases such as cystic fibrosis and chronic obstructive pulmonary disease, was 
originated from phage display [34]. Ecallantide, a highly potent inhibitor of human 
plasma kallikrein, has been approved by the US Food and Drug Administration for 
the treatment of acute hereditary angioedema [35].

Filamentous phage has also been used as an immunogenic carrier useful in vac-
cine development, with high immunogenicity, low production cost, and high stabil-
ity. In addition, phage can also act as a gene-delivery vehicle. For example, phage can 
deliver functional genes to mammalian cells through receptor-mediated endocytosis.

Phage-derived peptides that bind protein targets with high affinity and specific-
ity can be used as molecular imaging probes. The classic example is octreotide, an 
eight amino acid cyclized peptide that binds the somatostatin receptor. 111In-DTPA-
octreotide (OctreoScan®) has been used successfully to image somatostatin 
receptor-positive tumors in humans [36].

5.  Applications of targeting peptides derived from phages in clinical 
imaging

Targeted molecular imaging of disease processes, particularly tumor growth 
and metastasis, has been a focus of many investigations recently. Molecular imag-
ing probes have assisted in the understanding of fundamental biological processes, 
disease pathologies, as well as pharmaceutical development. Enormous progress 
has been made in both discovery of imaging probes and development of imaging 
instruments. Additionally, optical imaging methods provide many advantages over 
other imaging modalities that include high sensitivity, the use of nonradioactive 
materials, and safe detection using readily available instruments at moderate cost. 
Today, in vivo imaging can be applied at preclinical and clinical settings due to sig-
nificant improvements in engineering technologies, optical systems, and advanced 
imaging instruments. These technologies in a combination with cutting-edge opti-
cal imaging probes provide noninvasive, real-time imaging at macroscopic and cel-
lular levels. Indeed, the combination of numerous NIR probes and targeted ligands, 
such as antibodies, aptamers, and engineered peptides, has significantly enhanced 
the performance of optical imaging systems. Recent progress in clinical imaging 
and the utilization of phage-derived targeting peptides are reviewed below.

5.1 Magnetic resonance imaging

MRI is a medical imaging technique used in radiology to form pictures of the anat-
omy and the physiological processes of the body, including in healthy and diseased 
tissues and organs. MRI scanners use strong magnetic fields, electric field gradients, 
and radio waves to generate images of the organs in the body. After a radiofrequency 
pulse, MRI detects the relaxation times of magnetic dipoles, such as hydrogen atoms in 
water and organic compounds, and generates MR signals. MRI offers spatial resolution 
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the fluoride ion channel. However, detergent micelles themselves are unstable and 
heterogeneous in size, which may cause membrane proteins to unfold or aggregate. 
In another method, the membrane protein is inserted into a liposome, which is 
a bilayer structure that more closely mimics the cell membrane than detergent 
micelles. Recently, nanodiscs and virus-like particles (VLP) have been developed to 
mimic host membrane protein. Nanodiscs are macromolecular structures that spon-
taneously assemble when lipids and apolipoprotein A1 or B are mixed. In general, 
one nanodisc structure contains a lipid bilayer of ~1000 phospholipids bundled by 
two apolipoproteins. The diameter of a nanodisc is ~10 nm and thus houses only 
one membrane protein approximately. Nanodiscs can take in a membrane protein 
through coupled in vitro transcription-translation. A VLP contains viral capsid 
proteins, lipids, and membrane proteins on its surface, but not a viral genome. It is 
much more stable than native cells, micelles, and liposomes and thus can withstand 
wash buffers with detergents, which decreases nonspecific binding in phage display.

In summary, some simple ectodomains of membrane proteins can be directly 
immobilized on plastic surfaces and treated as soluble proteins in phage display, 
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high background noise from cells. However, these methods have a unique advan-
tage, i.e., consistent with native binding mechanisms. Many membrane receptors, 
e.g., cytokine receptors, exert their biological functions through ligand binding and 
dimerization. The ligand may interact with the monomer first and then mediate 
dimerization for function or bind to the dimer directly and then carry out its func-
tion. These two scenarios may both occur depending on the ligand concentrations 
[31]. Therefore, in those methods without whole cells, the monomer immobilized 
in phage display may not mimic the targets in vivo, and thus the ligand selected by 
phage display may not bind to in vivo receptors with high affinities.

4. Phage display provides potential therapeutic and diagnostic agents

Peptide phage display has played an important role in the development of 
clinically useful therapeutics and diagnostic agents. Peptide-based therapeutics 
have attracted a significant level of interest in the drug discovery and development 
industry. First, phage particles themselves can be used as the therapeutic agent. For 
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example, the M13 bacteriophage was used successfully to treat a bacterial infection 
by delivering DNA encoding for bactericidal toxin proteins [32].

Second, peptides derived from phage display can be used as therapeutic drugs. 
In 2017, peptide drug annual market was approximately $300–500 million and is 
estimated to increase 25% each year [33]. Compared to proteins and antibodies, 
peptides have numerous advantages, for example, low manufacturing costs, better 
activity and stability, negligible immunogenicity, and superior organ penetration. 
A number of peptide drugs developed from phage display technique have been 
approved or are currently in clinical trials. For example, DX-890, an inhibitor of 
human neutrophil elastase, with potential application in the treatment of pulmo-
nary diseases such as cystic fibrosis and chronic obstructive pulmonary disease, was 
originated from phage display [34]. Ecallantide, a highly potent inhibitor of human 
plasma kallikrein, has been approved by the US Food and Drug Administration for 
the treatment of acute hereditary angioedema [35].

Filamentous phage has also been used as an immunogenic carrier useful in vac-
cine development, with high immunogenicity, low production cost, and high stabil-
ity. In addition, phage can also act as a gene-delivery vehicle. For example, phage can 
deliver functional genes to mammalian cells through receptor-mediated endocytosis.

Phage-derived peptides that bind protein targets with high affinity and specific-
ity can be used as molecular imaging probes. The classic example is octreotide, an 
eight amino acid cyclized peptide that binds the somatostatin receptor. 111In-DTPA-
octreotide (OctreoScan®) has been used successfully to image somatostatin 
receptor-positive tumors in humans [36].

5.  Applications of targeting peptides derived from phages in clinical 
imaging

Targeted molecular imaging of disease processes, particularly tumor growth 
and metastasis, has been a focus of many investigations recently. Molecular imag-
ing probes have assisted in the understanding of fundamental biological processes, 
disease pathologies, as well as pharmaceutical development. Enormous progress 
has been made in both discovery of imaging probes and development of imaging 
instruments. Additionally, optical imaging methods provide many advantages over 
other imaging modalities that include high sensitivity, the use of nonradioactive 
materials, and safe detection using readily available instruments at moderate cost. 
Today, in vivo imaging can be applied at preclinical and clinical settings due to sig-
nificant improvements in engineering technologies, optical systems, and advanced 
imaging instruments. These technologies in a combination with cutting-edge opti-
cal imaging probes provide noninvasive, real-time imaging at macroscopic and cel-
lular levels. Indeed, the combination of numerous NIR probes and targeted ligands, 
such as antibodies, aptamers, and engineered peptides, has significantly enhanced 
the performance of optical imaging systems. Recent progress in clinical imaging 
and the utilization of phage-derived targeting peptides are reviewed below.

5.1 Magnetic resonance imaging

MRI is a medical imaging technique used in radiology to form pictures of the anat-
omy and the physiological processes of the body, including in healthy and diseased 
tissues and organs. MRI scanners use strong magnetic fields, electric field gradients, 
and radio waves to generate images of the organs in the body. After a radiofrequency 
pulse, MRI detects the relaxation times of magnetic dipoles, such as hydrogen atoms in 
water and organic compounds, and generates MR signals. MRI offers spatial resolution 
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on the millimeter scale with simultaneous physiological and anatomical correlation. 
However, MRI requires long scan and postprocessing times and has relatively low 
sensitivity, thus requiring high doses of magnetic contrast agents.

In a reparative or reactive process, excess fibrous connective tissue (type I 
collagen) or fibrosis could be formed in a tissue. This is a common consequence 
in many chronic heart, kidney, liver, lung, or vasculature diseases. The high levels 
of collagen in fibrosis make it an attractive MRI target. Therefore, a collagen-
specific MRI contrast agent was developed. A type I collagen-specific peptide was 
identified using phage display and subsequently modified to improve affinity for 
collagen. Conjugate EP-3533 consists of a peptide of 16 amino acids, with 3 amino 
acids flanking a cyclic peptide of 10 amino acids that is formed through a disulfide 
bond. The peptide was modified with biphenylalanine and gadolinium to improve 
collagen binding and sensitivity. EP-3533 was evaluated in a mouse model of aged 
myocardial infarction. From MR images, EP-3533 was able to enhance the collagen-
rich scar, providing specific, high-contrast images compared to adjacent viable 
myocardium tissues and blood vessels [37].

Another example of the utilization of peptides from phage with MRI in 
early detection of colorectal cancer (CRC) was reported. Human gastric mucin 
(MUC5AC) is secreted in the colonic mucus of cancer patients. MUC5AC is a specific 
marker of precancerous lesions called aberrant crypt foci. MRI can detect the accu-
mulation of MUC5AC in xenograft and mouse stomach. To enhance MRI visualiza-
tion, peptides that specifically bound MUC5AC were developed using an M13 phage 
library. Once, the peptide binding MUC5AC (C-PSIYPLL-C, 60C) was identified; it 
was synthesized and conjugated to biotin and finally to ultra-small particles of iron 
oxide (USPIOs). The ability of USPIO-60C to detect MUC5AC in vivo was inves-
tigated on two xenograft mouse models. A heterogeneous but significant negative 
enhancement was observed in MUC5AC-secreting tumor postcontrast images 1 hour 
after intravenous USPIO-60C administration [38]. The results provided in this study 
supply a proof of concept that targeted contrast agents can be used to detect pathol-
ogies earlier than allowed by conventional MRI approaches or clinical assessment.

5.2  Positron emission tomography/single-photon emission computed 
tomography

PET and SPECT are nuclear medicine tomographic imaging techniques using 
gamma (γ) rays. Both techniques require the injection of a radioactive tracer. There 
are three main tracers used in SPECT imaging: technetium-99m, iodine-123, and 
iodine-131. The radioactive tracer emits gamma rays from the patient. PET and 
SPECT record high- and low-energy γ-rays emitted from within the body. These 
imaging modalities have very high sensitivity but relatively low spatial resolution.

VRPMPLQ (VQ ) is a heptapeptide sequence first identified by Hsiung and 
colleagues by screening phage display peptide libraries against fresh human colonic 
adenomas [39]. In a later study, Shi and team synthesized and evaluated 99mTc-
HYNIC-VQ (HYNIC 5,6-hydrazinonicotinamide) as a SPECT radiotracer for tumor 
imaging in five different xenograft mouse models (HT-29 human colon cancer, 
CL187 human colon cancer, BGC823 human gastric cancer, U87MG human glioma, 
and UM-SCC-22B human head and neck cancer). The images were acquired 1 and 
2 hours postinjection. The tumors were clearly visualized at 1 hour postinjection 
with excellent target-to-background (T/B) contrast. The studies demonstrated that 
99mTc-HYNIC-VQ could provide high-contrast images in different tumor models 
and an inflammation model [40].

In another study, a radioactive probe targeted to a dysplastic lesion in inflam-
matory bowel disease (IBD) or early CRC was developed. The cyclic peptide 
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c[Cys-Thr-Pro-Ser-Pro-Phe-Ser-His-Cys]OH (TCP-1) was originally identified in 
an orthotopic mouse CRC model using phage display selection [41]. TCP-1 peptide 
was labeled with radioisotope technetium-99 m (99mTc) and the NIR fluorophore 
cyanine-7 (Cy7) for molecular imaging. The in vivo images of 99mTc-TCP-1 in 
xenografted HCT116 and PC3 prostate cancer models were collected using dynamic 
or static SPECT. The 99mTc-TCP-1 or control peptides were administered via intra-
venous or tail vein injection. Dynamic images of 99mTc-TCP-1 in HCT116 colon 
cancer xenograft mice exhibited that the tumor could be detected in 15–30 minutes 
after injection and remained visible until 180 minutes. The data demonstrated the 
feasibility of TCP-1-targeted detection of colorectal tumor [42].

5.3 Photoacoustic tomography

Photoacoustic tomography (PAT) is an emerging imaging technique that 
demonstrates great potential for preclinical research and clinical applications. PAT 
is a hybrid system that detects the acoustic energy of endogenous chromophore or 
exogenous contrast agent optical absorption. PAT generates high-resolution images 
in both the optical ballistic and diffusive regimes due to less ultrasound scatter 
in tissue. Over the past decade, the photoacoustic technique has been developing 
rapidly, leading to exciting findings and applications.

Epidermal growth factor receptor (EGFR) is highly overexpressed in hepatocel-
lular carcinoma (HCC). Therefore, it is a potential cell surface molecule for in vivo 
targeted imaging of HCC. A peptide specific for EGFR previously reported by Zhou 
and team was conjugated to Cy5.5 dye. Nude mice were injected with EGFR overex-
pressed human HCC cells. A 2D ultrasound scanner and MRI system were used to 
monitor tumor growth in the mice. Cy5.5-labeled EGFR and control peptides were 
injected to the mice separately. Photoacoustic images were recorded periodically for 
24 hours. At 3 hours postinjection, the maximum photoacoustic signal in tumors 
was seen and results in high-contrast images of tumors beneath the skin. The T/B 
ratio was significantly different between the EGFR and control peptide. The signal 
was diminished by 24 hours [43]. From the data, a peptide specific for EGFR can 
detect HCC xenograft tumors in vivo with photoacoustic imaging.

5.4 Optical endomicroscopy

Optical imaging offers several unique advantages. Optics is nonionizing and 
provides resolution on the micron scale. Another advantage of optical imaging is 
the ability to collect images in real time in comparison to other imaging modalities, 
such as MRI and PET.

Endoscopes are thin, flexible instruments that provide a macroscopic view of the 
large mucosal surfaces in hollow organs internal to the human body. Endomicroscopy 
employs high numerical aperture (NA) optics to provide a small field-of-view (FOV) 
with micron-level resolution for observing subcellular features. It commonly requires 
scaling down the size of a conventional microscope design into a miniature package. 
Novel optical designs and scanning mechanisms have been developed to improve 
imaging performance for both endoscopy and endomicroscopy. These instruments 
provide a unique opportunity for early cancer detection and prevention by allowing 
biopsy or resection to be performed concurrently with diagnosis.

5.4.1 Wide-field fluorescence endoscopy

Previously, all CRCs were believed to arise from adenomas that progress through 
the traditional adenocarcinoma sequence. Recently, this pathway has been found 
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on the millimeter scale with simultaneous physiological and anatomical correlation. 
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gamma (γ) rays. Both techniques require the injection of a radioactive tracer. There 
are three main tracers used in SPECT imaging: technetium-99m, iodine-123, and 
iodine-131. The radioactive tracer emits gamma rays from the patient. PET and 
SPECT record high- and low-energy γ-rays emitted from within the body. These 
imaging modalities have very high sensitivity but relatively low spatial resolution.
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adenomas [39]. In a later study, Shi and team synthesized and evaluated 99mTc-
HYNIC-VQ (HYNIC 5,6-hydrazinonicotinamide) as a SPECT radiotracer for tumor 
imaging in five different xenograft mouse models (HT-29 human colon cancer, 
CL187 human colon cancer, BGC823 human gastric cancer, U87MG human glioma, 
and UM-SCC-22B human head and neck cancer). The images were acquired 1 and 
2 hours postinjection. The tumors were clearly visualized at 1 hour postinjection 
with excellent target-to-background (T/B) contrast. The studies demonstrated that 
99mTc-HYNIC-VQ could provide high-contrast images in different tumor models 
and an inflammation model [40].

In another study, a radioactive probe targeted to a dysplastic lesion in inflam-
matory bowel disease (IBD) or early CRC was developed. The cyclic peptide 
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c[Cys-Thr-Pro-Ser-Pro-Phe-Ser-His-Cys]OH (TCP-1) was originally identified in 
an orthotopic mouse CRC model using phage display selection [41]. TCP-1 peptide 
was labeled with radioisotope technetium-99 m (99mTc) and the NIR fluorophore 
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xenografted HCT116 and PC3 prostate cancer models were collected using dynamic 
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cancer xenograft mice exhibited that the tumor could be detected in 15–30 minutes 
after injection and remained visible until 180 minutes. The data demonstrated the 
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is a hybrid system that detects the acoustic energy of endogenous chromophore or 
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to account for approximately 60% of CRCs, and up to 35% are now attributed to 
the serrated pathway [44]. White-light endoscopy (WLE) that is normally used 
in colonoscopy is sensitive to gross morphologic abnormalities, such as polyps. 
Dysplasia that is flat in morphology, focal in size, and patchy in distribution appears 
“invisible” on conventional wide-field endoscopy. Therefore, imaging methods 
with improved contrast and sensitivity to molecular rather than morphological 
properties that could improve early detection and prevention of CRC are in needed. 
There are several reports on discovery and validation of targeted peptides derived 
from phage display for early detection of CRC [45].

One group used phage display to identify a peptide that binds to dysplastic 
colonic mucosa in vivo in a genetically engineered mouse model of colorectal 
tumorigenesis, CPC;Apc [46, 47]. A peptide, QPIHPNNM, was isolated after 
several rounds of in vivo T7 library biopanning. The peptide was synthesized, fluo-
rescently labeled, and purified. The peptide was sprayed topically in mouse distal 
colon. The wide-field fluorescent videos were recorded. After quantitative image 
analysis, the fluorescent-labeled peptide was significantly bound twofold greater 
to the colonic adenomas when compared to the control peptide. The target peptide 
also showed minimal binding to an activated KrasG12D mutant mouse model that 
demonstrates hyperplastic polyp-like features used as a control hyperplastic model 
that does not progress to carcinoma (Figure 3A) and the lumen of a CPC;Apc bred 
mouse negative (Figure 3B).

c-Met overexpression has been shown to occur as an early event in colorectal 
adenocarcinoma. A peptide that has high affinity for the extracellular domain 
of human c-Met was discovered using an M-13 phage display library. GE-137 is 
a water-soluble cyclic peptide (AGSCYCSGPPRFECWCYETEGT) labeled with 
a cyanine dye with a high affinity for human c-Met. The quantitative biodis-
tribution, pharmacokinetics, binding specificity, and qualitative fluorescence 
of GE-137 were assessed in a CRC xenograft mouse model using subcutaneous 
injection of the c-Met-expressing human CRC cell line HT29. Intravenously 
administered GE-137 accumulated in the c-Met-expressing tumor xenografts 
and left a fluorescent signal in the tumors and kidneys 120 and 240 minutes 

Figure 3. 
Images from wide-field endoscopy videos after topical application of fluorescence-labeled peptides. The top and 
bottom panels represent frames from white light and fluorescence, respectively. (A) The hyperplastic epithelium 
after QPI peptide application, (B) the lumen of a CPC;Apc bred mouse negative for Cre recombinase (control 
litter mate), (C) single adenoma after control peptide application, (D) single adenoma, and (E) multiple 
adenomas in a CPC;Apc mouse after QPI peptide application. Used with permission [47].
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after injection (Figure 4). In a pilot study in 15 patients at high risk of colorectal 
neoplasia, a total of 101 lesions were detected during first inspection with white 
light (WL), and an additional 22 were detected during second inspection with 
dual WL/fluorescence (FL). After immunohistochemical analysis, 36 hyperplas-
tic lesions and 8 serrated polyps were identified. Most of these were visible in 
fluorescent mode (94 and 100%, respectively), and the majority (78 and 87%, 
respectively) showed increased fluorescence. From the data, GE-137 peptide 
showed some specificity to hyperplasia and serrated lesions in CRC mouse model 
and patients [48].

Overexpression of EGFR has been reported in as high as 97% of colonic adeno-
carcinomas, and it is a validated biomarker for CRC. In one study, the extracellular 
domain of EGFR (EGFR-ECD) was expressed and purified [49]. A library of 
M13 bacteriophage was used to select peptide candidates that bind specifically to 
EGFR-ECD. A peptide, QRHKPRE, that is specific for EGFR was developed and 
validated. Peptide binding to cells occurred within 2.46 minutes and had an affin-
ity of 50 nM. A NIR fluorescence endoscope was used to perform in vivo imaging 
to validate peptide binding to spontaneous colonic adenomas in a CPC;Apc mouse 
model via topical administration (Figure 5). T/B ratios of polyps and flat lesions 
were 4.0 ± 1.7 and 2.7 ± 0.7, respectively. Subsequently, specific peptide binding to 
human colonic adenomas was assessed on immunohistochemistry and immuno-
fluorescence. On human colonic specimens, greater intensity from peptide binding 
to dysplasia than normal was found with a 19.4-fold difference.

In another study, a phage-derived peptide was tested for specific binding to 
sessile serrated adenomas (SSAs) in proximal colon which accounts for 35% in 
CRC. Joshi and team used phage display to identify a peptide that binds specifically 
to SSAs. Many SSA cells have the V600E mutation in BRAF. Therefore, peptide 
selection was performed with an M13 Ph.D.-7 phage display library using a biopan-
ning strategy with subtractive hybridization with HT29 colorectal cancer cells 
containing the V600E mutation in BRAF [45]. Binding of fluorescently labeled pep-
tide, KCCFPAQ , to colorectal cancer cells was evaluated with confocal fluorescence 

Figure 4. 
WL and FL images of representative lesions. (a–c) The lesions that are visible in WL show increased 
fluorescence. (d) A lesion that is visible in WL has enhanced visibility in FL. (e, f) Flat lesions that were only 
visible in FL. Used with permission [48].
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microscopy. The peptide showed an apparent dissociation constant of Kd = 72 nM 
and an apparent association time constant of K = 0.174/minute. Toxicity was also 
assessed in rats. In the clinical safety study, fluorescently labeled peptide was 
topically administered, using a spray catheter, to the proximal colon of 25 subjects 
undergoing routine outpatient colonoscopies. Subsequently, endoscopists resected 
identified lesions, which were analyzed histologically by gastrointestinal patholo-
gists. Fluorescence intensities of SSAs were compared with those of normal colonic 
mucosa. During fluorescence imaging of patients during endoscopy, regions of 
SSA had 2.43-fold higher mean fluorescence intensity than that for normal colonic 
mucosa. Fluorescence labeling distinguished SSAs from normal colonic mucosa 
with 89% sensitivity and 92% specificity.

5.4.2 Confocal laser endomicroscopy

Confocal laser endomicroscopy (CLE) is an endoscopic modality that based 
on tissue illumination using a low power laser and the subsequent detection of 
fluorescent light that is reflected back from the tissue through a pinhole. The term 
“confocal” refers to the alignment of both illumination and collection systems in 
the same plane. This alignment dramatically increases the spatial resolution of CLE 
and enables cellular imaging and evaluation of tissue architecture at the focal plane. 
CLE can be used to guide biopsies and has been demonstrated in a number of clini-
cal studies to detect cancer in the digestive tract, bladder, cervix, ovary, oral cavity, 
and lungs. CLE requires the use of a fluorescent contrast agent to enhance visu-
alization of cells. Contrast agents can be administered intravenously or topically. 
Intravenous fluorescein sodium and acriflavine are widely used contrast agents. 

Figure 5. 
In vivo imaging of colon in CPC;Apc mouse. (a) WL image of colon in CPC;Apc mouse shows the presence 
of polyp (arrow). (b) NIR fluorescence image after topical administration of QRH*-Cy5.5 shows increased 
intensity from polyp (arrow) and several flat lesions (arrowheads). (c) Image with Cy5.5-control peptide 
(PEH*-Cy5.5) shows minimal signal. (d) WL image shows no grossly visible lesions (polyps). (e) NIR 
fluorescence image with QRH*-Cy5.5 shows the presence of flat lesions (arrowheads). (f) Image with Cy5.5-
control peptide shows minimal signal. Used with permission [49].
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CLE can be performed shortly following injection with its fluorescence lasting 
approximately 30 minutes. However, due to the lack of specificity of conventional 
contrast agents, there is an increasing use of tissue-specific binding molecular 
probes in CLE. The studies that used CLE in combination with a targeting peptide 
derived from phage display are summarized below.

Hsiung et al. used an M13 phage library to identify peptides that would specifi-
cally bind dysplastic colonic mucosa from fresh human colonic biopsies [39]. A 
peptide (VRPMPLQ ) that bound to colonic dysplasia was identified, synthesized, 
and conjugated with fluorescein for in vivo testing in a pilot study in patients 
undergoing routine colonoscopy using a flexible-fibered confocal microscope. 
Fluorescence images and videos of bound topically administered peptide collected 
in vivo showed that the selected peptide bound more strongly to dysplastic colono-
cytes than to the adjacent normal mucosa in the same subject with 81% sensitivity 
and 82% specificity.

In another study, Qiu and team demonstrated vertical cross-sectional 
(XZ-plane) images of NIR fluorescence with a handheld dual-axis confocal 
endomicroscope that revealed a specific binding of a Cy5.5-labeled peptide 
(LTTHYKLGGGSK-Cy5.5) to premalignant colonic mucosa in mice [50]. This 
targeting peptide was selected using in vivo phage display technology in a CPC;Apc 
mouse model which developed adenomas spontaneously in the distal colon. NIR 
vertical cross-sectional fluorescence images of fresh mouse colonic mucosa dem-
onstrate histology-like imaging performance as shown in Figure 6. The peptide 
showed specific binding and distinguished premalignant colonic mucosa from 
normal mucosa.

Gastric cancer vessels may have many differentiating characteristics compared 
to normal vessels. However, identification of gastric cancer vascular endothelial 
cells is difficult. Co-culture of gastric cancer cells and vascular endothelial cells was 
suggested to simulate gastric solid tumor mass. In a study, GEBP11, a nine amino 

Figure 6. 
Vertical cross-sectional image of colonic dysplasia. (a) Chemical structure of LTTHYKL peptide with GGGSK 
linker and Cy5.5 fluorophore. (b) NIR fluorescence image from CPC; Apc mouse colon ex vivo shows vertically 
oriented dysplastic crypts. (c) The border between normal colonic mucosa and dysplasia shows increased 
contrast from specific binding of the LTT*-Cy5.5 peptide. (d) Corresponding histology (H&E), scale bar 
200 μm. Used with permission [50].
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acid vascular homing peptide, was screened and identified using Ph.D.C7C phage 
display peptide library kit panning against Co-HUVECS cells [51]. Liu et al. used 
FITC-GEBP11 to identify gastric cancer in mouse model [52]. A whole-body fluo-
rescent imaging was first used to screen for the strongest specific fluorescent signal 
in xenograft models after tail vein injection of FITC-GEBP11. A specific signal was 
observed in both subcutaneous and orthotopic xenograft models in vivo, whereas 
the group injected with FITC-URP, a control peptide, showed no fluorescent sig-
nals. In addition, neoplastic and nonneoplastic gastric mucosae obtained from the 
patients were incubated with FITC-GEBP11 or FITC-URP for 30 minutes and were 
scanned with CLE. A specific signal of GEBP11 was observed in 26/28 neoplastic 
human specimens and in 8/28 samples of nonneoplastic specimens (p < 0.01).

Sturm and team developed a peptide (ASYNYDA) that binds specifically to 
high-grade esophageal dysplasia and adenocarcinoma using phage display technol-
ogy [53]. After peptide specific binding validation in human esophageal cancer 
specimens, they applied peptide topically and performed confocal endomicroscopy 
in 25 patients. The targeting peptide showed 3.8-fold greater fluorescence intensity 
for esophageal neoplasia compared with Barrett’s esophagus and squamous epi-
thelium with high sensitivity and specificity. The peptide revealed no toxicity in 
animals or patients.

In a pilot study, Palma and team identified dysplasia lesions in ulcerative colitis 
(UC) patients using CLE and a fluorescently labeled peptide [54]. A phage-derived 
peptide (VRPMPLQ ) was synthesized and conjugated with fluorescein. Eleven sus-
pected dysplasia specimens were collected from nine UC patients. Specimens were 
stained with the peptide and subsequently inspected by CLE. The CLE images were 
correlated to histological results from specialists. The peptide showed a different 
pattern on dysplastic mucosa compared to nondysplastic lesions. However, due to 
several restrictions of this study, further studies on larger UC patients are required 
for systematic validation.

ErbB2 expression in early breast cancer can predict tumor aggressiveness and 
clinical outcomes in patients. Up to 30% of all breast cancers express ErbB2, also 
known as HER2. Immunohistochemistry is commonly used to evaluate ErbB2 
expression, but it has limitations due to tumor heterogeneity. Therefore, the use of a 
specific biomarker for ErbB2 is increasingly popular. One study used a NIR-labeled 
ErbB2 peptide and a handheld dual-axis CLE to detect in human xenograft breast 
tumors and human specimens [55]. As a result, they found significantly greater 
peptide binding to xenograft breast cancer in vivo and to human specimens of 
invasive ductal carcinoma that express ErbB2 ex vivo. From the data, a miniature 
dual-axis confocal fluorescence endomicroscope with ErbB2-specific peptide could 
be implemented to support future image-guided surgery.

5.5 Multimodality imaging

Radiation-induced pulmonary fibrosis (RIPF) is a serious side effect of radiation 
therapy, especially in lung and breast cancers. Computed tomography (CT) imag-
ing is currently utilized to identify and monitor RIPF. However, anatomical change 
interference is a major limitation of CT. Therefore, RIPF detection and observing 
techniques need to be improved. Collagen accumulation is common in fibrosis. In 
one study, a collagen-targeting peptide was fabricated to maximize the visualization 
of fibrosis using fluorescence endomicroscope imaging [37]. The probe showed 
moderate binding ability to collagen in a fibrosis in vitro binding assay and on lung 
tissue specimens. The probe showed a similar binding pattern on lung specimens 
compared to antibody. But its sensitivity was not as good as the collagen-binding 
antibody.
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In another study, Zhang and team evaluated the potential applicability of 
GEBP11 peptides in gastric cancer diagnosis and radiotherapy. They developed 
iodine 131-labeled GEBP11 peptides and derivatives [56]. The clinical potential of 
GEBP11 peptides was determined with multimodality imaging methods. Cerenkov 
and SPECT imaging showed significantly higher tumor uptake for 131I-2PEG-
(GEBP11)3 trimer compared to monomer. Higher tumor accumulation and better 
T/B ratio of 131I-2PEG-(GEBP11)3 trimer were observed. Treating with 131I-2PEG-
(GEBP11)3 trimer exhibited a significant tumor growth suppression compared 
to control and monomer groups. The tumor volume and vasculature decreased 
significantly after treatment with 131I-2PEG-(GEBP11)3 trimer, resulting in pro-
longed survival time. In addition, 131I-2PEG-(GEBP11)3 trimer showed no signifi-
cant hepatic or renal toxicity. In conclusion, 131I-2PEG-(GEBP11)3 trimer could be a 
potential ligand used to identify gastric cancer and in antiangiogenic therapy.

6. Future prospects

The discovery and development of therapeutic drugs and diagnostic probes 
are a time-consuming, expensive, and complex process. The processes involve 
experts from a wide range of disciplines such as medicinal chemistry, biochemistry, 
molecular biology, medicine, and pharmacology. It has been estimated that from 
about 10,000 new chemical entities identified, only one will reach the market in an 
average time of 16 years. Phage display, and particularly peptide phage display, has 
played a major role in the development pipeline for bringing peptide therapeutics 
into the clinic. Phage-derived peptides play an important role in disease detection 
and therapy, including in clinical imaging. The potential of peptides in preclinical 
and clinical molecular imaging is tremendous. Molecular imaging offers invalu-
able opportunities to explore complex disease-related biological processes at the 
molecular level in vivo. The emergence of current molecular imaging technologies is 
dependent not only on the progress of imaging systems but, more importantly, also 
on molecular imaging probes. Peptide-based imaging has now become an estab-
lished approach in nuclear imaging, and its application is expanding to other imag-
ing modalities. Considering the emergence of novel library designs and innovative 
selection strategies, we are confident that phage-derived peptides will continue to 
be promising biomarkers for early cancer detection, in metabolic abnormalities, 
and in personalized medicine.
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tumors and human specimens [55]. As a result, they found significantly greater 
peptide binding to xenograft breast cancer in vivo and to human specimens of 
invasive ductal carcinoma that express ErbB2 ex vivo. From the data, a miniature 
dual-axis confocal fluorescence endomicroscope with ErbB2-specific peptide could 
be implemented to support future image-guided surgery.

5.5 Multimodality imaging

Radiation-induced pulmonary fibrosis (RIPF) is a serious side effect of radiation 
therapy, especially in lung and breast cancers. Computed tomography (CT) imag-
ing is currently utilized to identify and monitor RIPF. However, anatomical change 
interference is a major limitation of CT. Therefore, RIPF detection and observing 
techniques need to be improved. Collagen accumulation is common in fibrosis. In 
one study, a collagen-targeting peptide was fabricated to maximize the visualization 
of fibrosis using fluorescence endomicroscope imaging [37]. The probe showed 
moderate binding ability to collagen in a fibrosis in vitro binding assay and on lung 
tissue specimens. The probe showed a similar binding pattern on lung specimens 
compared to antibody. But its sensitivity was not as good as the collagen-binding 
antibody.
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In another study, Zhang and team evaluated the potential applicability of 
GEBP11 peptides in gastric cancer diagnosis and radiotherapy. They developed 
iodine 131-labeled GEBP11 peptides and derivatives [56]. The clinical potential of 
GEBP11 peptides was determined with multimodality imaging methods. Cerenkov 
and SPECT imaging showed significantly higher tumor uptake for 131I-2PEG-
(GEBP11)3 trimer compared to monomer. Higher tumor accumulation and better 
T/B ratio of 131I-2PEG-(GEBP11)3 trimer were observed. Treating with 131I-2PEG-
(GEBP11)3 trimer exhibited a significant tumor growth suppression compared 
to control and monomer groups. The tumor volume and vasculature decreased 
significantly after treatment with 131I-2PEG-(GEBP11)3 trimer, resulting in pro-
longed survival time. In addition, 131I-2PEG-(GEBP11)3 trimer showed no signifi-
cant hepatic or renal toxicity. In conclusion, 131I-2PEG-(GEBP11)3 trimer could be a 
potential ligand used to identify gastric cancer and in antiangiogenic therapy.

6. Future prospects

The discovery and development of therapeutic drugs and diagnostic probes 
are a time-consuming, expensive, and complex process. The processes involve 
experts from a wide range of disciplines such as medicinal chemistry, biochemistry, 
molecular biology, medicine, and pharmacology. It has been estimated that from 
about 10,000 new chemical entities identified, only one will reach the market in an 
average time of 16 years. Phage display, and particularly peptide phage display, has 
played a major role in the development pipeline for bringing peptide therapeutics 
into the clinic. Phage-derived peptides play an important role in disease detection 
and therapy, including in clinical imaging. The potential of peptides in preclinical 
and clinical molecular imaging is tremendous. Molecular imaging offers invalu-
able opportunities to explore complex disease-related biological processes at the 
molecular level in vivo. The emergence of current molecular imaging technologies is 
dependent not only on the progress of imaging systems but, more importantly, also 
on molecular imaging probes. Peptide-based imaging has now become an estab-
lished approach in nuclear imaging, and its application is expanding to other imag-
ing modalities. Considering the emergence of novel library designs and innovative 
selection strategies, we are confident that phage-derived peptides will continue to 
be promising biomarkers for early cancer detection, in metabolic abnormalities, 
and in personalized medicine.
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