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v

The fate of antibodies and infectious diseases has been entwined since the 
early days when Emil von Behring and Shibasaburo Kitasato first witnessed 
the unique toxin neutralization ability of antibodies in sera from immunized 
rabbits. The hybridoma technology by Köhler and Milstein in the mid-1970s 
revolutionized the way antibodies can be applied in the future. Their contri-
butions set about the first monospecific antibodies to be generated against a 
specific target. This brought about major revolutions in the way we carry out 
basic research, medical diagnostics, and therapeutics. However, the ability to 
produce murine monospecific antibodies was not the finish article due to 
major side reactions associated with the use of animal-derived antibodies in 
humans.

The quest for further improvements in the way antibodies were being gen-
erated meant there was a need to generate monoclonal antibodies at a more 
rapid pace with more human-like characteristics. The biotechnology boom at 
the turn of the century resulted in rapid advancements in recombinant DNA 
technology, molecular biology, and DNA sequencing technologies. The tech-
nological developments allowed the floodgates of genetic information to 
open making molecular-based technologies accessible to many laboratories 
around the world. The knowledge, information, and technological advance-
ments worked symbiotically to fuel the advancements of complementary 
technologies. Recombinant antibody technology also benefited from this evo-
lution with the improved understanding of genes and mechanisms associated 
with in vivo antibody production.

In the quest to make antibodies more human, researchers sought after new 
alternative methods to generate recombinant versions of human antibodies. 
This possibility was only realized with the introduction of phage display 
technology by George Smith, which allowed the presentation of peptides on 
the surface of bacteriophages. This allowed for the evolution of the technol-
ogy to present antibodies on the surface, which catalyzed the growth of 
human monoclonal antibody technology. Since then, numerous versions of 
human antibody formats have been developed with astonishing success. As a 
result, new antibody libraries have been developed and are now an important 
tool for monoclonal human antibody development work. The technology has 
allowed for different antibodies to be developed against many different kinds 
of targets which was otherwise impossible with conventional approaches. 
The ability to generate fully human monoclonal antibodies at a rapid pace has 
shaped the pharmaceutical landscape in recent years. This signaled a turning 
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point for many medical approaches applied at that time and has helped shaped 
the way modern immunotherapeutics are designed.

The ongoing challenges associated with infectious diseases like antibiotic 
resistance and the cost for drug discovery meant that an alternative treatment 
was required. This book provides an in-depth introduction to bacteriophage 
biology as well as its application for antibody phage display. The book also 
includes examples of different forms of antibody libraries that are used to 
tackle the issue of infectious diseases. It also provides a comprehensive list of 
antibody phage display technologies and the application of antibodies against 
different infectious agents. In addition to that, the book also includes con-
cepts of computational-based antibody design, antibody engineering strate-
gies, and considerations in the application of antibody-based therapy for 
infectious diseases.

On a personal note, the treatment of infectious disease is a topic close at 
heart due to the constant threat it poses around Southeast Asia. This is a key 
focus area for me personally as part of the antibody technology initiative at 
the Institute for Research in Molecular Medicine (INFORMM), which is the 
brainchild of the Malaysian Ministry of Higher Education under the Higher 
Institutions’ Centre of Excellence (HICoE) program together with Universiti 
Sains Malaysia (USM). It is our aim that this book can provide technical 
assistance to new start-up laboratories and researchers looking to apply anti-
body phage display for infectious diseases. We also hope this book will help 
spur interest and ideas in the field while at the same time expand research 
focusing on antibody-based therapy for infectious diseases.

I would like to thank the authors whose contributions to this book have 
allowed it to be a comprehensive guide for antibody phage display in infec-
tious diseases. I would also like to thank Prof. Michael Hust for his guidance 
and advice throughout the preparation of this book. My scientific career 
would not have been possible without the influence of great mentors like 
Zoltàn Konthur and Jörn Glökler. On a personal note, I would like to thank 
Poi Hong, Hayley, Hayden, and my parents for their support while preparing 
this book and throughout my scientific career.

Penang, Malaysia� Theam Soon Lim 
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Filamentous Phage: Structure 
and Biology

Jasna Rakonjac, Marjorie Russel, Sofia Khanum, 
Sam J. Brooke, and Marina Rajič

Abstract

Ff filamentous phage (fd, M13 and f1) of 
Escherichia coli have been the workhorse of 
phage display technology for the past 30 years. 
Dominance of Ff over other bacteriophage in 
display technology stems from the titres that 
are about 100-fold higher than any other 
known phage, efficacious transformation 
ensuring large library size and superior stabil-
ity of the virion at high temperatures, deter-
gents and pH extremes, allowing broad range 
of biopanning conditions in screening phage 
display libraries. Due to the excellent under-
standing of infection and assembly require-
ments, Ff phage have also been at the core of 
phage-assisted continual protein evolution 
strategies (PACE). This chapter will give an 
overview of the Ff filamentous phage struc-

ture and biology, emphasizing those proper-
ties of the Ff phage life cycle and virion that 
are pertinent to phage display applications.

Keywords

Bacteriophage · Filamentous phage · Phage 
display · Ff structure · Infection mechanism · 
Ff life cycle

1.1	 �Introduction

The appearance and mode of assembly of fila-
mentous phage are oddities in the world of bac-
teriophage, as they do not fit the archetypal head 
and tail image, and they do not lyse (kill) the 
host in order to reproduce. Most of what is 
known about filamentous phage assembly comes 
from work on E. coli bacteriophage Ff (f1, M13 
and fd) which are 98% identical at the DNA 
sequence level and have been studied inter-
changeably [97, 98, 106, 121, 134]. Like fila-
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mentous bacterial surface appendages, pili, Ff 
are assembled by a secretion-like process, aided 
by ATP and proton motive force [48, 130]. 
Simultaneous assembly and secretion are exe-
cuted by a dedicated membrane-embedded 
assembly machinery, composed of an outer 
membrane channel and an inner-membrane-
embedded, phage-encoded ATPase [48]. 
Deletion of the phage gene encoding the Ff 
phage release protein (pIII) results in permanent 
assembly of multi-length filaments, morphologi-
cally converting the Ff into DNA-containing pili 
(Fig. 1.1; [123]). The factory-like production of 
Ff phage (1000 phage per cell per hour at the 
peak of assembly) necessitates production and 
membrane targeting of millions of major coat 
protein copies and 300–400 assembly complexes 
traversing the envelope. Both of these seemingly 
unsustainable tasks are achieved and endured by 
E. coli, which remains viable. Ff assembly and 
secretion do have a consequence on cell physiol-
ogy, causing a doubling of generation time and 
inducing the phage shock protein (Psp) stress 
response [14, 82]. A consequence of the extended 
generation time is a thinner bacterial lawn in 
comparison to uninfected cells, allowing forma-
tion of turbid “plaques”. Infected cells form col-
onies that are small and transparent in comparison 
to the uninfected cells. Protein and gene nomen-
clature used for the Ff phage is numerical, 
expressed in Arabic or Roman numerals. This 
review will use the Roman numerals.

The virion of filamentous phage is composed 
of a circular single-stranded DNA (ssDNA) 
genome in the form of a two-stranded helix, sur-
rounded by a tube formed by thousands of major 
coat protein (pVIII) subunits (Fig. 1.2; [98]). The 
tube is composed of the helically arrayed 
50-residue α-helical major coat protein pVIII, 
and is capped at both ends by two different pairs 
of proteins (pVII/pIX and pIII/pVI).

Ff bacteriophage infect Escherichia coli by 
binding to the tip of the F-pilus, which then 
retracts [10, 83]. Like Ff, other filamentous bac-
teriophage appear to bind the retractable pili [8, 
69, 103]. The secondary receptor in Ff and sev-
eral distantly related phage is the TolQRA com-
plex [28, 63]; hence this complex is likely a 
universal filamentous phage secondary receptor. 
Gram-negative bacteria are predominant hosts of 
filamentous phage. Among nearly 100 different 
filamentous phage that have been identified to 
date, only two were found to infect Gram-positive 
hosts [35].

Ff phage replicate as plasmid-like extra-
chromosomal replicons (episomes), by a rolling 
circle mechanism [106]. Whereas many other 
filamentous phage replicate exclusively as epi-
somes, there is also a large number that integrate 
into the host chromosome [89]. Regulation of 
replication, integration and excision in these 
“temperate” filamentous phage follows a few dif-
ferent strategies, but the common characteristic is 
that the host survives both the integrated 

Fig. 1.1  E. coli cells assembling the Ff phage. (a) Cell infected with a ΔgIII Ff phage. (b) Cell infected with a wild-
type Ff phage (Reproduced from Ref. [120])
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(inactive) and induced states [78, 103, 125]. 
Many temperate filamentous phage replicate at 
extremely low rates, even in the induced state, 
producing less than one phage per cell per gen-
eration. These phage cannot make plaques and 
are being discovered through bacterial  genome 
and microbial communities’ metagenome 
sequencing. This review will focus on the Ff 
phage; for a detailed recent review on other fila-
mentous phage please refer to [89].

Ff filamentous phage of E. coli have been used 
extensively in phage display technology and, 
recently, nanotechnology, due to their resistance 
to pH extremes, detergents and high temperature 
[12, 13]. Phage display is a powerful combinato-
rial technology; it allows identification, amongst 
billions of peptides/antibodies/proteins, of rare 
variants that bind to a ligand (or bait) of interest 
[11, 102, 141]. Ff is the phage of choice for anti-
body display due to the fact that displayed pro-
teins are folded in the oxidative environment of 
the E. coli periplasm, allowing formation of S-S 
bridges in the immunoglobulin fold of antibodies 
[49]. Ff are also suitable for display of bacterial 
and archaeal membrane, cell-surface and secreted 
proteins, at genomic and metagenomics scale 
[24, 52, 108, 109]. Tailed phage, T4, T7 and λ, 
have also been used in phage display [4, 53, 160]. 
These phage are more suitable for display of 
cytosolic and nuclear proteins, given that their 
virion proteins fold in the reducing environment 
of the E. coli cytoplasm.

Ff phage display technology branched into 
nanotechnology at the start of the twenty-first 
century, through selection and display of 
nanocrystal-nucleating peptides for a number of 
inorganic materials [16, 66]. The liquid crystal-
line character of filamentous bacteriophage fur-
ther expands nanotechnology applications of 
these viruses [23, 91, 115].

In basic research, Ff-phage-encoded coat and 
assembly/secretion proteins have served as mod-
els for studies of membrane targeting and secre-
tion of proteins in Gram-negative bacteria [92, 
136], whereas the phage of pathogenic bacteria 
have been investigated from the standpoint of 
bacterial virulence, physiology and effect on bio-
film properties [89]. Ff have been used most 
recently in the phage-assisted continual evolution 

of proteins (PACE), resulting in e.g. novel poly-
merases, proteases or transcription factors with 
novel specificities [15, 47, 116].

1.2	 �Ff Structure

The genome of filamentous bacteriophage is cir-
cular single stranded DNA (ssDNA) which forms 
an anti-parallel two-stranded helix (similar to 
A-DNA or B-DNA). Due to the circular nature of 
the DNA, the helix ends with two loops [36]. In 
Ff phage one of the two loops is a 32-nucleotide 
hairpin called the packaging signal (PS), which 
targets the genome for packaging and initiates 
filamentous phage assembly [133]. Phosphates 
along the DNA helix interact with positively 
charged residues of the major coat protein, which 
forms a helically symmetrical tube that gives the 
filamentous appearance to the virion [57, 98, 99]. 
Due to the absence of complementarity, in the 
sequences beyond the packaging signal, the 
Watson-Crick type of pairing is only maintained 
for about 25% nucleotide pairs. Some filamen-
tous bacteriophage (e.g. Pf1 of Pseudomonas 
aeruginosa) form a helix in which phosphates are 
in the centre, with the bases on the outside, inter-
acting with the capsid [84].

The virions of filamentous phage are long, 
flexible filaments 6–7 nm in diameter and of var-
ied length, which depends on the length of the 
packaged DNA (Fig. 1.2b). If initiation or termi-
nation of filament assembly is impaired, multiple 
genomes can be assembled into long filaments 
that can extend to up to 20 μm [122]. An addi-
tional factor determining length is the rise per 
nucleotide, or h, that ranges between 0.28 (in Ff 
phage) and 0.61 nm (in Pf1, in which the DNA 
helix is in the extended P-DNA-like form) [35]. 
The virion tube is composed of a helical array of 
the α-helical major coat protein pVIII (Fig. 1.2). 
There are two types of virions based on the sym-
metry of pVIII arrays: class I (5-start helix, C2S5) 
or class II (1-start helix, C1S5.4) [36]. Structures 
of the major coat protein have been determined 
for both classes of virions (i.e. in Ff and Pf1 
phage) [57, 99]. However, very little is known 
about the structure of the virion “caps” at the two 
ends of the filament.
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Fig. 1.2  The Ff genome and virion. (a) The Ff genome; 
gI to gXI, genes (orange block arrows); PS, packaging sig-
nal; Ff ori; origin of replication; PA, PB, PH, Pw, Pz; promot-
ers; T, terminators. (b) Atomic force microscope image of 
two Ff virions, one (longer) that has encapsidated the 
helper phage R408 genome, and the smaller that contains 
a phagemid vector whose genome is smaller (Rakonjac, 
Russel and Model, unpublished). (c) Structure of a pVIII 
(major coat protein) monomer. (d) pVIII arrangement 
within the filamentous phage capsid. (e) Schematic repre-
sentation of the virion. (f) High-resolution TEM lattice 

fringe images of five ZnS nanocrystals (labelled 1–5) at 
the pIII-end of a single Ff virion (From Ref. [81], reprinted 
with permission from AAAS). (g) Ribbon representation 
of the N1 domain (dark gray) and the N2 domain (light 
gray) of pIII. (h) Domain organization of pIII preprotein. 
SS, signal sequence, N1, N2, Cd, domains of pIII; G, 
glycine-rich linkers; TM, transmembrane helix. The 
images of the pVIII subunit (c), the capsid (d), and the 
N1-N2 domains of pIII (g) were derived from coordinates 
of the RCSB PDB database accession numbers 2cOw [99] 
and 1g3p [87], respectively, using PyMOL [37]
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The Ff virions (including the receptor-binding 
protein pIII) remain intact and infectious after 
exposure to a broad range of pH and to high tem-
perature [12, 13]. This is of great importance to 
affinity-screening (biopanning) of phage display 
libraries which regularly include e.g. pH extremes 
used for elution of the binders from the cognate 
‘bait’. Ff are also resistant to ionic detergents 
below the critical micellar concentration [149]. 
Ff phage are sensitive to chloroform, to which the 
tailed phage are generally  resistant. However, a 
peptide displayed on all copies of the major coat 
protein was identified that rendered the virion 
resistant to this organic solvent [118]. Filamentous 
bacteriophage virions contain no lipids [35], a 
surprising fact, given that all virion proteins are 
integral inner membrane proteins prior to assem-
bly [44]. At high concentration, filamentous bac-
teriophage behave as a liquid crystal and can be 
aligned in a strong magnetic field. These proper-
ties of Pf1 phage have been utilized in structural 
studies of other proteins by nuclear magnetic 
resonance (NMR) by promoting alignment of the 
investigated proteins in the magnetic field [163].

The liquid-crystalline properties of filamen-
tous phage and ability to align them by shear 
flow [25] have seen them become a basis for 
diagnostics devices based on linear dichroism 
(LD), where a signal from aligned filaments, 
displaying antibodies against e.g. surface anti-
gen of a pathogenic bacterium, changes upon 
recognition of the cognate bacterial cell [115]. 
A similar principle was used in design of “phage 
litmus”, where the spectral changes are used to 
monitor detection of an analyte [111]. Chemical 
and enzymatic modifications have been applied 
to Ff phage to further expand the range of their 
applications as bionanoparticles [please refer to 
the recent reviews [7, 22, 65]]. The liquid crys-
talline Ff virions form membrane-like sheets 
when exposed to high-osmolarity solutions 
(dextran, PEG) that assume several macroscopic 
topologies, including disc, sphere, ribbon or 
more complex star-like disc-ribbon intermediate 
structure [40, 142].

1.2.1	 �Minor Virion Proteins

An atomic-resolution structure of the Ff virion 
caps has not been determined, in contrast to the 
detailed knowledge of pVIII structure and pack-
ing along the filament. Minor proteins pVII and 
pIX are small, containing only 32 (pVII) and 33 
(pIX) amino acids; both proteins are hydropho-
bic. Like all other virion proteins, they are inte-
grated into the inner membrane prior to assembly; 
however they have no signal sequence and are 
thought to spontaneously insert into the mem-
brane [44]. These two proteins are incorporated 
into the virion at the initiation step of assembly 
(Figs.  1.2 and 1.5); [44, 59]. Genetic analysis 
suggests that the packaging signal interacts with 
the C termini of these two proteins to initiate 
assembly [133]. Both pVII and pIX have been 
used as display platforms for scFv’s, however in 
those cases, SecA-dependent signal sequences 
must precede the scFv in order to target the 
fusions to the inner membrane and into the virion 
[54, 55, 71].

Proteins pIII and pVI terminate filament 
assembly and release the virion from the cell 
[122, 123]. The largest protein in the virion, pIII, 
also mediates receptor binding and entry of the 
phage into the host cell (Figs.  1.2e–h and 1.3). 
Both pIII and pVI are integral membrane pro-
teins prior to assembly into the filamentous phage 
virion [9, 44].

The pVI is a 112-residue that is mostly hydro-
phobic. It is predicted by the TMHMM2.0 [77] to 
contain three transmembrane α helices, with the 
N terminus in the periplasm and the C terminus 
in the cytoplasm. This protein is not exposed on 
the virion surface [44] and is assumed to serve as 
a “base” or “adaptor” for attachment of pIII in 
forming the virion cap. The C-, but not the 
N-terminus of pVI can be used, however, as a 
point of fusion for display of peptides [72]. The 
C-terminus therefore appears to be near the sur-
face of the virion.

The length of the pIII pre-protein (including 
signal sequence) and mature protein is 424 and 
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406 amino acids, respectively. It is composed of 
three domains (N1, N2 and C) separated by long 
glycine-rich linkers (Fig. 1.2h). Prior to assembly 
into the virion, pIII is targeted to the inner mem-
brane by its N-terminal signal sequence and 
anchored in the phospholipid bilayer by a hydro-
phobic transmembrane α helix near the 
C-terminus, in a SecYEG and SecA-dependent 
manner [9]. Given the position of the membrane 
anchor, most of pIII is localized in the periplasm 
prior to assembly into the virion; only five 
C-terminal residues are located in the cytoplasm 
[33, 34].

The pIII copy number per virion was indicated 
as a by-product of a nanotechnology application, 
in which ZnS nanocrystals were nucleated by 
N-terminally displayed peptides [81]. The TEM 
of the nanocrystals associated with the virion tip 
shows five ZnS nanocrystals, corresponding to 
five copies of pIII (Fig. 1.2f). Since pVI and pIII 
are equimolar in the virion cap [59], if there are 
five copies of pIII, there are also five copies of 
pVI subunits per virion. Thus the distal cap 
appears to maintain the fivefold axial symmetry 
of the major coat protein in the filament shaft.

The N1 and N2 domains of pIII interact with 
the host receptors; the structure of these two 
domains has been determined using X-ray crys-
tallography and NMR (Fig. 1.1g; [70, 87]). The 
three-dimensional structure of the C-domain, 
which is required for assembly of the virion end-
cap, termination of phage assembly, formation of 
a detergent-resistant virion cap and for late steps 
in phage infection [6, 122], is yet to be 
determined.

Display on full-length pIII results in up to five 
fusion copies per virion and is used preferentially 
for screening of the naïve antibody libraries, 
where low-affinity binders are expected [60]. 
However, display at the N-terminus of the mature 
full-length pIII often leads to proteolysis of the 
displayed moiety, reducing the copy number of 
displayed protein per virion, and increasing 
infectivity of the particles, providing advantage 
to these variants in amplification steps during 
library screening, without binding to the bait 
[101]. It was recently suggested that this problem 
might be overcome by interdomain display, 

where the coding sequence for the displayed pep-
tide (protein) is inserted between the pIII N1 and 
N2 or N2 and C domains [150]. This strategy 
eliminates clones containing inserts that are sus-
ceptible to proteolysis, by rendering the virion 
non-infectious due to the loss of the N1, or both 
N1 and N2 domains, depending on the site of the 
insert.

Not only full-length, but also the truncated 
pIII, containing solely  the C-terminal domain, 
are used as a platform for display of antibody 
variable domains. The fusions in this case are 
inserted between a signal sequence and the pIII C 
domain, and have to be co-expressed with wild-
type pIII in the same cell and co-assembled into 
the virion [3] in order to allow amplification of 
the virions in E. coli. The insert in these vectors 
does not affect infectivity of the virion; however 
the C-terminal fusions are displayed only in one 
or two copies per virion, resulting in low avidity. 
This mode of display is used for screening the 
libraries derived from immunized individuals, 
which results in selection of high-affinity recom-
binant antibodies [2].

An antibody specific for the C-terminal 10 
residues of pIII cannot bind to pIII when it is in 
the virion (Rakonjac, unpublished). Therefore, 
the C-terminus must be buried within the virion 
cap. Nevertheless, it was reported that, in con-
junction with a long flexible linker, it was possi-
ble to display proteins at the C-terminus of pIII, 
albeit in combination with the wild-type pIII cop-
ies [50].

1.3	 �Ff Gene Organisation, 
Transcription 
and Translation

The genome of Ff phage is 6407  nt in length 
(Fig. 1.2a). The genes required for infection, rep-
lication and virion assembly are clustered along 
the genome in three groups: (i) replication (gII/
gX and gV); (ii) virion structure (gVII, gIX, 
gVIII, gIII and gVI); (iii) assembly/secretion (gI/
gXI and gIV), and are organised in two operons 
[106]. gVII, gIX and gVIII (encoding two minor 
proteins that initiate assembly and the major coat 
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protein, respectively) are transcribed within an 
operon that also contains genes gII/gX and gV 
(encoding replication proteins), whereas gIII and 
gVI (genes encoding two minor virion proteins 
that terminate assembly), are in the same operon 
with downstream gI/gXI and gIV (encoding the 
secretion/assembly machinery). Two genes, gX 
and gXI, encode truncated translational products 
of gII and gI, respectively, and these shorter pro-
teins are required, respectively, for regulation of 
phage replication and for assembly [62, 106]. 
Upstream of the replication module, there is an 
intergenic region (IG; Fig. 1.3) that contains ori-
gins for positive (+) and negative (−) strand rep-
lication and a packaging signal [162].

The large body of published work on Ff tran-
scription, translation and replication has been 
used recently for developing a mathematical 
model of the Ff life cycle and performing simula-
tions of single- and multi-generation infection 
cycles [143, 144]. A number of early publica-
tions on Ff phage were devoted to transcription, 
resulting in a good qualitative and quantitative 
picture of transcription and translation (Reviewed 
by [106]) Both operons, gII-gV-gVII-gIX-gVIII 
and gIII-gVI-gI-gIV end with strong terminators. 
Multiple nested promoters, however, result in a 
number of overlapping transcripts [43, 107]. 

These multiple transcripts undergo differential 
turnover and are translated at different rates [58, 
79, 104, 106]. In the absence of transcriptional 
regulators controlling Ff gene expression, these 
modes of regulation are sufficient to ensure that 
the requirements for extremely high levels of 
phage assembly are met. In particular, high level 
production (105–106 per cell per generation) is 
ensured for the ssDNA-binding protein pV and 
major coat protein pVIII [82, 143, 144].

In contrast to Ff phage that contain no specific 
regulators of transcription, in lysogenic filamen-
tous phage, dedicated phage- and host-encoded 
transcriptional regulators determine the level of 
phage proteins, which is generally much lower 
than those of the Ff phage even in the induced 
state (reviewed in [89, 121]).

1.4	 �Ff Infection

The primary receptor for the Ff filamentous 
phage is the tip of the conjugative pilus (F); these 
phage were isolated originally as “male”-specific 
bacteriophage [68, 85, 96]. The secondary recep-
tor is the TolQRA complex of inner membrane 
proteins, highly conserved in Gram-negative 
bacteria [27]. This secondary receptor appears to 

Fig. 1.3  Ff intergenic sequence (IG) containing origin of 
replication. Packaging signal (PS); (−) ori, negative 
strand origin of replication; (+) ori region I (A), the region 
I of the positive strand origin of replication; (+) ori region 

II (B), the region II (B) of the positive strand origin of 
replication; (1) stop codon of gIV; (2) terminator of gIV 
mRNA; (3) initiation site of (−) strand primer synthesis; 
(4) initiation site of (+) strand synthesis
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