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Abstract

much larger, given that many replicate too poorly to affect
the host and hence their detection by observing plaques on
host cell lawns is not possible (Table 1).
7KH ¢ ODPHQW R X&h&rKialddli B¢ the most
productive phage in Nature, giving rise to titers of up to 1013
per mL of culture. This productivity is coupled to slowing down
the hostOs growth and leads to formation of turbid plaques on
bacterial lawns. Among E.coli ¢ ODPHQWRXYV SKDJH WKF
VWXGLHG DQG PRVW H[SORLWHG JURXS DUt
phage or Ff, known as f1, M13 and fd (Hoffman-Berling et
al., 1963; Hofschneider, 1963; Loeb, 1960), 98.5% identical
LQ WKHLU '1$ VHTXHQFH ,&79G % , G

J)LODPHQWRXYV EDFWHULRSKDJH ORQJ RRE® MLKALG HHD BRH DD R QRPD VR ID BIHU X V H V

secreted from the host cells without killing them, have been
an antithesis to the standard view of head-and-tail bacterial
NLOOLQJ PDFKLQHV
Ff of Escherichia coli provide the majority of information

phage have interchangeably been featured, not only as a
model system in understanding membrane transactions, but

(SLVRPDOO\ UHSODPEDARLRY ERPPHQIWRKWYLBIODWHFKQRORJILHV

product are therapeutic recombinant antibodies (Bradbury

DERXW WKH SULQFLSOHYV DQG PHFKDQLD®G RDYODPHQWRIQMGSWHRHHI PRVW XQH[SHFW

infection, episomal replication and assembly. Chromosom-

powered nano-battery (Lee et al., 2009). Members of a large

DOO\ LQWHJUDWHG 3WHPSHUDWH" ¢ ODPHORKEXRISWK B PI$ KDY W HF R OPDPHQWR XV EDFWH

replication and integration, which are currently under active
investigation. The latter are directly or indirectly implicated
in diseases caused by bacterial pathogens Vibrio cholerae,
Pseudomonas aeruginosa and Neisseria meningitidis. In

WKH ¢UVW KDOI RI WKH UHYLHZ ERWK

are described and compared. A large section of the review
is devoted to an overview of phage display technology and
its applications in nanotechnology.

Introduction
The archetypal bacteriophage has a head and a tail; it

injects its linear double-stranded DNA, blocks the hostOs

vital processes, replicates and assembles new virions in the
cytoplasm, ultimately lysing the host cell in order to release
the progeny. Some dramatically different bacteriophage,

or indirectly implicated in pathogenesis of Vibrio cholerae,

Neisseria meningitidis and Pseudomonas aeruginosa (Bille

et al., 2008; Waldor and Mekalanos, 1996; Webb et al.,

2004).

WKH )I DQG WHPSHUDWH SKDJH

The virion

The overwhelming majority of what we know about the
(¢ODPHQWRXV SKDJH YLULRQ VWUXFWXUH FF
E. coli and Pfl of P. aeruginosa. Unless otherwise stated,

this review will be referring to Ff phage (f1, fd and M13).

7KH VLPSOLFLW\ RI WKH YLULRQ ¢ODPHQW L
QXPEHU RI SURWHLQV WKDW IRUP LW )LJXU
LV IRUPHG E\ WKRXVDQGV RI KHOLFDOO\ DUL
a small protein of only 50 amino acids. The ends of the
(¢ODPHQW DUH EXLOW E\ WZR GLIIHUHQW SD

KRZHYHU ERWK LQ WKH WHUPV RI PRUSKROGRJ\,DIPG OLIHVW\OH H[LVW

in Nature. One such group are phage of the genus Inovirus,

FRPPRQO\ FDOOHG ¢ODPHQWRXV ED F Wit caSpoieihpVi ORQJ

WKLQ

¢ODPHQWVY FRQWDLQLQJ D FLUFXODU VLAKH R DMRUD BRSPS I$RWEBR®H9,,, LV DQ LQW

Even more radically different than their morphology is their

SURWHLQ SULRU WR DVVHPEO\ LQWR WKH Y

UHODWLRQVKLS WR WKH KRVW * ¢ ODRduQivgsaXxXyl SKDYIH BHHBY REKEBHH[WHQVLYHO\ V

without killing the host, and some even take part in the

the mechanism of protein insertion into phospholipid bilayers;

KRVWYV 3VRFLDO" OLIH + L H WKH G\Qthvedif fdctkne \FEhi€e;fQ Bistoveryarkl DRaracterization

been recently reported for Pseudomonas aeruginosa
phage Pf4 (Rice et al., 2009). Filamentous bacteriophage
are widespread among Gram-negative bacteria, infecting
a wide range of genera including Escherichia, Salmonella,
Pseudomonas, Xanthomonas, Vibrio, Thermus and
Neisseria (Table 1; Russel and Model, 2006). There are
RQO\ WZR SXEOLVKHG UHSRUWYV RI

Gram-positive organisms (Chopin et al., 2002; Kim and
%ODVFKHN
phage have been described to date (International Committee
RQ 7D[RQRP\ Rl 9LUXVHV

*Corresponding author: Email: j.rakonjac@massey.ac.nz

+RUL]JRQ 6FLHQWL:F 3UHVV KWWS

,Q WRWDO DURXQG

of bacterial protein YidC that mediates insertion of small
hydrophobic proteins into the inner membrane in a Sec
translocon-independent manner (Rohrer and Kuhn, 1990;
Samuelson et al., 2000; Serek et al., 2004). Interestingly,
S9,,, Rl )] FRQWDLQV D VLJQDO VHTXHQFH
does not; yet they use the same mechanism for insertion

¢, O DritoH &V RineY 8dtibrairk. WAK D-Wrniir@ll HhifdWéphobic

WUDQVPHPEUDQH KHOL[ DQFKRUV S9,,, LQ W
preiL id Hsseh®IW (Pagaioihel @tVEIR X 898; Russel and
Model, 1982), with the N-terminal portion in the periplasm

EXW WKHQE WXPE&WHVRLIQNHOWDLO LQ WKH F\WRS

Wickner, 1975). A number of physico-chemical methods for
the investigation of membrane protein dynamics have been

Z2ZZ KRUL]JRQSUHVV FRP
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Filamentous Bacteriophage 53

WHVWHG RQ )I S9,,, DV D PRGHO +HPPLQJpP HW,DOWKH .DKHOL[ LV DPSKLSDWKLF

more recently solid-state NMR has been used to resolve residue and then hydrophobic to residue 39, ending with
WKH VWUXFWXUH RR &@@iginosa phalgelPEL @ D UHVLGXH SRVLWLYHO\ FKDUJHG KHOL]J
membranes and the virions (Goldbourt et al., 2010; Opella encapsulated DNA (Figure 1A; Marvin et al., 2006). This
et al., 2008; Park et al., 2010). hydrophobicity and charge arrangement is the conserved in

In the virion, the negatively charged N-terminal 4-5 S9,,, Rl RWKHU ¢ODPHQWRXYVY SKDJH O0DUYLQ
UHVLGXHV DUH GLVRUGHUHG 7KH UHPRLG®GI9Q,] FXEWQRWSI9DUHWBOG WRJIHWKHU V
VOLJKWO\ FXUYHG . KHOL[ DW D VPDOer&cpi€id aWweaicaharkahgantedttiaQs @iiniscent of

%o s/

Figure 1. The Ffvirion. A. ORGHO RI D S9,,, PRQRPHU VKRZLQJ K\GURSKRELF UHVLGXHV JUHI
SRVLWLYHO\ FKDUJHG UHVLGXHVY EOXH DQG QHJDWLYHO\ FKDUJHGBURIBBANGXHV UF
UHSUHVHQWDWLRQ RI WKH S9,,, DUUDQJHPHQW ZLWKLQ WKH (ODPHQWRXV SKDJH FI
of helices. C. Schematic representation of the virion. D. Atomic force microscope image of Ff virion (M. Russel and P. Model,
sample prepared by J. Rakonjac). E. Electron micrograph of microphage (kindly provided by James Conway and Dalaver H.
Anjum, microphage sample prepared by Bennett and Rakonjac, unpublished). F. High-resolution TEM lattice fringe images
RI ¢YH =Q6 QDQRFU\VWDOV DW WKH S,,, HQG RI D VLQJOH )I YLULRQ )URK./HH HW L
Ribbon representation of the N1 domain (dark gray) and the N2 domain (light gray) of plil. The high glycine linker sequence
ORFDWHG EHWZHHQ WKH & WHUPLQXV RI WKH 1 GRPDLQ DQG WKH 1 WHUPLQXV RI
in this structure. H. Domain organization of plll preprotein. SS, signal sequence, N1, N2, C, domains of plll; G, glycine-rich
OLQNHUV 70 WUDQVPHPEUDQH KHOL[

7KH LPDJHV RI WKH S9,,, VXEXQLW $ WKH FDSVLG % DQG WKH 1 1 GRPDLQ\
of the RCSB PDB database accession numbers 2cOw (Marvin et al., 2006) and 1g3p (Lubkowski et al., 1998), respectively,

using PyMOL (DelLano, 2006).
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VQDNH VNLQ VFDOHV )LJIJXUH % 7KH theWasesRianXdpposiRyg siBe,of, thD @r@le-stranded DNA
WKH YLULRQ LV FRQVHUYHG DPRQJ D Q bifle]ateSH-ban@eR to QW RistierSHGDodiy about 25% of
(Day et al., 1988; Marvin, 1998); however there are two the H-bonding can be of the Watson-Crick type (Day et al.,
different classes of symmetries of the helical virion. In E. coli 1988). In Pf1, the two sides of the single-stranded DNA circle
SKDJH )I ,.H DQG ,I FODVYV , S9,,, VXaEexachighhstrexdhed dnitisieg shidt@e sugar phosphate
RQ D ¢YH VWDUW KHOLJ[ ZL¥WWKsymhRt®)G V back-Eorieg re in &ontact with each other at the center and
RI DERXW ¢ SLWFK ZLWK ¢YH VXEXQMWKW LED WDV KD JUHLBJSRRVHVEKRQ WKH RXWVLGH
YLULRQ WXEH UHODWHG E\ D IROG UhR\ApsitLie(@adeslake savideély Baparix€iGrom each
Makowski, 1981; Marvin et al., 2006). In the phage of that H-bonding is not possible (Liu and Day, 1994; Tsuboi
3VHXGRPRQDVY DQG ;DQWKRPRQDYVY FODHW DO S9,,, VNEKQUWWDPHQWRXYVY SKDJH KD
DUH DUUDQJHG RQ D VLPSOH RQH VWD Wnfdthi@dng. R1 a c SLWFK ZLWK
5.4 subunits per turn (C1Ss 4; Caspar and Makowski, 1981; Given that the length of a virion is determined by the size
Goldbourt et al., 2007). of the DNA and its particular conformation as maintained

The set ratio of subunits per nucleotide in Ff is 0.42 ( by the capsid, inserting or deleting DNA is a simple way to

1HZPDQ HW DO ZKHUHDV LQ 8&dntrdl We lengthHof hE Virien. While the wild-type Ff phage

(unity; Wiseman and Day, 1977). The DNA conformations in LV QRUPDOO\ a QP ORQJ WKH VKRUWHVW
the two classes differ greatly although both DNA helices are assembled is only 50 nm in length (Figure 1E; see below
right-handed. In Ff, the bases are stacked at the center with in the OFf replicationO section; Specthrie et al., 1992). Aside
the phosphates on the outside interacting with the capsid; from the size of packaged DNA, the length of the virion

1 &+
HS- 4 &) # & H#
0123/

4354'&$4#

6&7%$'48%

Figure 2. Model of Ff phage infection . (1) Binding of N2 domain (dark-blue oval) to the tip of the F-pilus (light-blue circles)

and pilus retraction. (2) Binding of N1 domain (bright-green oval) to TolA Il domain (brown oval). (3) OOpeningO of the C-domain

DQG LQVHUWLRQ RI WKH & WHUPLQDO K\GURSKRELF KHOL[ LOQWR WKH LQQHU PHPEU
LOQWHJUDWLRQ RI WKH PDMRU FRDW SURWHLQ S9,,, LQWR WKH LQQHU PHPEUDQH 6W
steps 2 and 3 are speculative. Symbols: OM, outer membrane; IM, inner membrane. plll N1 domain, dark-blue oval; plll N2

GRPDLQ EULJKW JUHHQ RYDO S,,, & GRPDLQ RUDQJH RYDO S,,, & WHUPLQDO K\GU
S,,, JO\FLQH OLQNHUV JUD\ OLQHV PDMRU FRDW SURWHLQ S9,,, EODFN UHFWDQJO!
EURZQ VKDSHV ) SLOXV DQG WKH WUDQV HQYHORSH SLOXV DVVHPEO\ UHWUDFWLR
S,,, EXW IRU VLPSOLFLW\ RQO\ RQH IXOO OHQJWK S,,, LV VKRZQ +RZHYHU WKLV LV

operate Gncis” DQG IHZHU WKDQ ¢YH IXQFWLRQDO FRSLHV DUH VXI¢FLHQW IRU LQIHFWLR
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GHSHQGV RQ WKH UHODWLYH HIl¢FLH Q FlinkRis (RyLe/ LOGWH). RPRorRd) a¥eblp intd BeVilirRiQ

to elongation. In Ff mutants of the minor proteins that initiate

sS9,, S,; RU WHUPLQDWH Ss,,, S9,
virions that carry sequentially packaged genomes are
produced, more twenty-fold in length compared to wild-type
virions (Lopez and Webster, 1983; Rakonjac and Model,
1998).

Minor virion proteins: pVII, plIX, plil, pVI

,Q FRQWUDVW WR WKH GHWDLOHG NQWZe)H85)H RI

plll is targeted to the inner membrane by its N-terminal

D V \igralEsenuertdd \ahd Eeitd@d iotReQphiospholipid bilayer

E\ D & WHUPLQDO K\GURSKRELF WUDQVPHPI

SecYEG and SecA-dependent manner (Boeke and Model,
1982). Given the C-terminal position of the membrane
anchor, most of plll is localized in the periplasm prior to

DVVHPEO\ LOQWR WKH YLULRQ RQO\ ¢YH & VW

located in the cytoplasm (Davis et al., 1985; Davis and
S9,,, VWUXFWXUH

DQG SDFNLQJ DORQJ WKH (ODPHQW QR TH&WI aRMKX ddn@ind & pRI Uy wikh@he host

LY DYDLODEOH IRU WKH WZR FDSV
incorporated into the virion at the initiation step of assembly

3 UeRaptbtd; Ghe sBEtyre DtBesS two Ridhtdins has been
; UD\ FU\VWDOORJUDSE

GHWHUPLQHG XVLQJ

DQG DUH WKH ¢UVW WR EH H[WUXGH GG;| (HRIRjeMeK &l., E39D) Qubkplwski et al., 1998). The

(Endemann and Model, 1995; Grant et al.,, 1980). Both

three-dimensional structure of the C domain, which is

DUH VPDOO K\GURSKRELF SURWHLQV RequRe@ @\ termin&ién of phagesassembly, formation of a
S,; DPLQR DFLGV WKH\ DUH LQQHU P HeeEenD@distaBtvRion ldapQand SR kteps in phage

to assembly, but in Ff phage they do not contain a signal
sequence and are thought to spontaneously insert into the
membrane (Endemann and Model, 1995). The structure
of these two proteins has not been solved and their
arrangement in the virion has not been determined. Genetic
analysis showed that the residues near the C-terminus are
involved in interactions with the packaging signal, a DNA
hairpin that targets phage genome for packaging (Russel
and Model, 1989). The sole clue about the accessibility of
these two proteins is their ability to display peptides and
proteins fused to their N-termini. For both proteins, once
an addition to the N-terminus has been made, a signal
sequence is required for successful incorporation of these
chimeric proteins into the virion and display on the surface
of the virion (Gao et al., 1997; Gao et al., 2002; Huang et

infection, is yet to be determined (Bennett and Rakonjac,

5DNRQMDF HW DO
C-terminal 10 residues of plll cannot bind to plll when it
is in the virion (Rakonjac, unpublished). Therefore, this
C-terminus must be buried within the virion cap, which is

FRPSRVHG RI WKH S,,, & GRPDLQ DQG S9,

Life cycle
Filamentous phage adhere to either of two major life styles

+ H[FOXVLYHO\ HSLVRPDOO\ UHSOLFDWLQJ

phage that are chromosomally integrated, but can be
induced to start episomal replication; Table 1). Episomally
UHSOLFDWLQJ ¢ODPHQWRXYV SKDJH
large numbers of progeny phage, reaching titers of up to
103 per mL of culture. In contrast, many chromosomally

H

J

$Q DQWLERG\ )

)

al., 2005). integrated phage are very low producers, releasing only
BURWHLQV S,,, DQG S9, DUH DGGHG WphagéKodr Y0-10Q Re@s DndferVthie€ Hhdddih@ conditions
RI DVVHPEO\ 7KH\ IRUP D GLVWDO ’FD $DaWRsl etk 2D02)OHD Ry, WHisDsQdd the Wie; temperate
the same time release the virion from the cell (Rakonjac et SKDJH RI ;DQWKRPRQDYV ! phageSpgRn@d.X FH
al., 1999; Rakonjac and Model, 1998). These two proteins of culture upon switching to a poorly understood OvirulentO
are required for the structural stability of the virion and also mode of growth (Kuo et al., 1994). The replication and gene
for termination of assembly. In addition, plll mediates entry H[SUHVVLRQ RI HSLVRPDOO\ UHSOLFDWLQJ ¢
Rl WKH SKDJH LQWR WKH KRVW FHOO FEdrRrid)Honce théyRrifédt the hpst Pe) Bro&eds unabated;
are integral membrane proteins (Boeke and Model, 1982; their genomes do not encode regulatory proteins. In
Endemann and Model, 1995). FRQWUDVW JHQH H[SUHVVLRQ DQG UHSOLFIL
7KH VWUXFWXUH RI WKH S,,, S9, FRPS&QMW[HLUQ DVMKHIGY L ODRFPPH GWR XY SKDJH LV WLJK
not known. Direct evidence for the number of plll subunits phage encode transcriptional regulators whose role is to
per virion has been provided recently as a by-product of inhibit transcription of the replication protein and downstream
a nanotechnology application, in which ZnS nanocrystals virion genes (Waldor and Friedman, 2005).
were nucleated by N-terminally displayed peptides (Lee et
al., 2002). The TEM of the nanocrystal-decorated virion tip Infection
VKRZV ¢YH =Q6 QDQRFU\WWDOV DVVRFLMKWHSUEZ WK\ WKH "MELWVERRIVWRH ¢ ODPHQWRXV
YLULRQ FRUUHVSRQGLQJ WR ¢YH FRSLHODRRFSQW RXVXUWUXFWXQFHY RQ WKH VXUID
S9, DQG S,,, DUH HTXLPRODU LQ WKH Yhde typed offpili Gan $duvb &5 \Wintdy/reBeptors, including
WKHUH PXVW EH ¢YH S9, VXEXQLWNRMXIYDWLRR J)7KXRUNKIBQG W\SH ,9 SLOL ¢
GLVWDO FDS PDLQWDLQV WKH ¢ YHIRO GDénflLeb &., YO PEMiEdanrRdt &I/, KLEIOZS Biolland et al.,
DUUDQJHPHQW DORQJ WKH YLULRQ ¢ O [@Pd8;QdMravieva et al., 1998; Waldor et al., 1997; Yang et
39, LV D UHVLGXH PRVWO\ K\GUR&SKRM®E)Fhs dRddaly Qecepidr fo¥ phage as diverse
integral membrane protein prior to assembly into the virion as E, coli Ff and V. cholerae &7;3 LV WKH 7R045% FRPS(
(Endemann and Model, 1995), predicted by the TMHMM2.0 of inner membrane proteins, highly conserved in Gram-
.URJK HW DO WR FRQWDLQ W K Wétyativé\badieaeV(ElidiPdnt) Webster,. 1997; Heilpern and
helices, with the N terminus in the periplasm and the C Waldor, 2000). TolQRA belongs to a larger trans-envelope
terminus in the cytoplasm. At 406 amino acids in length (424 7RO 3DO FRPSOH[ LQYROYHG LQ FHOO GLYL
residues including signal sequence), plll is distinctly larger of cell envelope integrity (Cascales et al., 2007; Gerding et
than the other four virion proteins. Plll is composed of three al., 2007).
domains (N1, N2 and C) separated by long glycine-rich
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The largest virion protein, plll, described in the previous
section, mediates infection of the host (Figure 2). Its two
N-terminal domains bind to the primary and secondary
receptors and its C-domain is involved in virion uncoating
and DNA entry into the host cell cytoplasm (Bennett and
Rakonjac, 2006; Deng and Perham, 2002; Reichmann and
Holliger, 1997). plll is the most diverse virion protein among
(ODPHQWRXYV SKDJH RIWHQ ZLWK
between the counterparts from distant phage. This is
puzzling, given that distantly related phage can use highly

Q RD @ RWKLH F D)QIN. OKR/PR®HRAL ¢, F SKDJH

WR[LQV WKLV LV VXSSRUWHG E\ WKUHDGLQ
I-TASSER (Zhang, 2008), which selected the membrane
LOVHUWLRQ GRPDLQ GRPDLQ 7 RI GLSKWKH
ranked template for modeling of the C domain (Choe et al.,
1992).

,OWHUHVWLQJO\ H[SUHVVLRQ RI S,,, 1
F* E. coli abolishes conjugation as well as infection with
VPDOO V
MS2) that binds along the sides of the pilus. These two
phenotypes are suggestive of plll-mediated pilus assembly

FRQVHUYHG 7R45$ FRPSOH[ IRU S,,, P Hi@nibiiok (BGeke 6t BH, E82) Ro@edti@athe F-pilus is up to

HQWU\ 7KH JHQH 1J,,,
on its size and position in the genome.

The organization and order of the two N-terminal
receptor-binding domains can differ even between closely
UHODWHG SKDJH
which binds to the N (or I) pili, has no glycine-rich linker
between the two N-terminal domains, and the order of the
two domains is switched relative to Ff phage (Endemann et
al., 1992). In Ff phage, the N2 domain binds to the primary
receptor, the tip of the F (or conjugative) pilus, whereas the
N1 domain binds the periplasmic domain Ill of TolA; the
opposite is true for IKe plil. Binding to the F pilus induces a
conformational change by cis-trans isomerization of Pro,;3
within the N2 domain (Eckert et al., 2007). This releases the
1 GRPDLQ IURP WKH 1
site on the N1 domain (Eckert et al., 2007; Lubkowski et
al., 1999; Reichmann and Holliger, 1997). If the F pilus or
the F-pilus-binding domain of plll are absent, the infection
HI¢FLHQF\ GHFUHDVHV E\ VHYHUDO
is not completely abolished; in contrast, TOIQRA and the
cognate plll domain are absolutely required for infection
(Click and Webster, 1997, 1998; Reichmann and Holliger,
1997; Russel et al., 1988).

A common characteristic of pili that serve as primary

Y)RU B.[bok Plaage I, ,,

FDQ QHYHUW KH ®!m\irMerigth, ibl@hiidignh\uflits as&nblp byHE@ N2 domain

is strategically very important to securely dock the virion to
the host cell envelope and make the infection irreversible.
$ QXPEHU RI (¢ODPHQWRXV SKDJH XVH UHW

Rahd conjugative N (or 1) pili for infection, but little is known

about their receptor-plll interactions. Interestingly, the type
,9 SLOL DUH HYROXWLRQDULO\ XQUHODWHG
(including F and N) and completely different in the mode
of their assembly and in morphology, hence the plll-pilus
interactions in phage that utilize them as primary receptors
are likely very different from those of Ff. An approach using
chimeric plll molecules showed that the primary receptor-
ELQGLQJ GRPDLQ 1 RI S,,, IURP SKDJH ,) D
f1 to infect the I-pilus containing E. coli and TCP pilus-

GRPDLQ HI[SRVdio@dinMgkHchoRe@s, redp@/elp Heilpern and Waldor,

/IRUHQ] HW DO 7KH HI{FLHQF\ RI
mediated by chimeric plll proteins, however, decreases
by several orders of magnitude if the distance between

R Ut Hhte¥ dBmaiRsONT N2VeXdsQ) is Ehdngled by inserting

additional domains (Heilpern and Waldor, 2003; Marzari

et al.,, 1997). Despite very low N1 domain conservation,

these phage use the conserved TolA protein as a secondary
UHFHSWRU DQG WKLV DSSHDUV WR EH VXI¢F
domain-mediated entry.

UHFHSWRUV IRU (ODPHQWRXV SKDJH LV WKH DELOLW\ WR UHWUDFW

WRZDUGV WKH FHOO VXUIDFH
close to the secondary receptor located in the periplasm
(Lawley et al., 2003; Maier, 2005). It had been thought
that the retraction of the F pilus was induced binding of
the Ff phage, however recent evidence shows that the F
SLOXV XQGHUJRHV VSRQWDQHRXV

retraction cycles (Clarke et al.,, 2008). The events that
follow pilus retraction and allow plll to gain access to TolA
are unknown, simply because the mechanics of the F pilus
conjugative machine is poorly understood. Pilus retraction,
followed by a set of unknown events, somehow ushers plll

EULQJLReplicaistH ¢ ODPHQWRXV SKDJH

Following entry into the host cell, the ssDNA genome of
episomally replicating and temperate phage have two
different fates, the former entering replication and the latter
integrating into the chromosome. Interestingly, both of these

R V Frb@ B3 YeIR dh theHehyiHed thatRa@malyQ@ on double-

stranded DNA: RNA polymerase for replication of the
QHJDWLYH VWUDQG DQG ;HU& UHFRPELQDVH
integration. In both of these situations, locally folded
ssDNA forms quasi-double-stranded binding sites for the

DSSURSULDWH SURWHLQV DQG ER[HV IF

DQG SUHVXPDEO\ WKH YLULRQ FDS D(HigasMtsniWwtkal ROQIKandW HIHVRWW MU RU WKH VLWH V

membrane and into the periplasm, where the N1 domain
can interact with the periplasmic domain of TolA (Lubkowski
et al.,, 1999; Reichmann and Holliger, 1997). The post-
receptor binding steps of infection are also unknown. All

yHU&' UHFRPELQDVH 9DO HW DO

Ff replication
7KH OLIH F\FOHV RI HSLVRPDO (ODPHQWRXV

WKUHH SURWHLQV RI WKH 7R045$% FR Rigf@dm{ frobQieseDof IcKIQrrOAbINRIIY @grated phage;

plll C-domain covalently linked to the N1IN2 domains, are
absolutely required for phage infection, which ultimately
results in entry of the phage ssDNA into the cytoplasm and
integration of the major coat protein into the inner membrane
(Bennett and Rakonjac, 2006; Click and Webster, 1997;
Smilowitz, 1974; Trenkner et al., 1967). C domain of plll
LV SUHGLFWHG WR EH
amphipathic and the third, hydrophobic anchor) are required
for phage entry (Bennett et al., 2011). The organization of

the genomes of the former phage are also simpler, lacking

sequences for host integration and regulation of gene

H[SUHVVLRQ )LJXUH 5XVVHO DQG ORGHO
The circular Ff genome, 6,407 nucleotides in length,

contains 9 genes, but produces 11 proteins, thanks to

internal translational starts within two genes, pll and pl,

KHOLFDO WKUZKH RKWHUYPLQDOHKWRLWZ\R WEBLWLRQDO SU

UHVSHFWLYHO\ 3KDJH SURWHLQV S,, S9 D(

replication, remain in the cytoplasm, whereas all other

KHOLFHV LQ WKH & GRPDLQ UHVHP E O Hruteink &teOthr§dde0 tS fRéJ iHermBraned. @ddemann and
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coat protein integrates into the inner membrane. Synthesis of the negative (-) strand is initiated at the negative strand origin of
replication by RNA polymerase, which generates an RNA primer and is then released from the template (Zenkin et al., 2006).
Host DNA polymerase Il uses this primer to replicate the complete negative strand. Positive strand synthesis is initiated by plI
(gray circle), which creates a nick in the + strand of the dsDNA replicative for at the positive origin of replication. Supercoiling

Figure 3. The Ff phage life cycle. VWUDQG HQWHUV LQWR '

DQG IRUPDWLRQ RI D VWHP ORRS VWUXFWXUH RI WKH SRVLWLYH RULJLQ RI UHSC
Rolling circle replication then ensues, one strand at a time. During the initial period of viral infection, new positive strands

are used as templates for synthesis of negative strands, resulting in an increase in copy number of the dsDNA replicative

IRUP 5) 7KH 5) VHUYHV DV D WHPSODWH IRU SURGXFWLRQ RI SKDJH SURWHLQV
DQG PHGLDWH JHQRPH UHSOLFDWLRQ DQG IRUPDWLRQ RI WKH SDFNDJLQJ VXEVWUL
VSDQQLQJ WKH LQQHU DQG RXWHU PHPEUDQH \HOORZ DQG RUDQJH UHVSHFWLYHO!
into the membrane prior to their assembly into phage particles. Later in the infection, positive strands are coated by dimers of

WKH SKDJH HQFRGHG VLQJOH VWUDQGHG '"1$ ELQGLQJ SURWHLQ S9 WR IRUP WKH SD
DVVHPEO\ H[SRUW FRPSOH[ S, S;, DQG S,9 IRU DVVHPEO\ DQG H[SRUW 7KH S,9 VL
VWUXFWXUH 2SDOND HW DO 7KH VWUXFWXUH RI WKH LQQHU PHPEUDQH FRPS
is drawn based on the cryo-EM structure of the type Il secretion system (Marlovits et al., 2004).

Model, 1995; Marciano et al., 1999; Rapoza and Webster,
1995). The positive and negative origins of replication, as
well as the packaging signal or morphogenetic signal, are

ORFDWHG LQ WKH LQWHUJHQLF UHJLRQRIEBWZBHG OMQI@E K\EULGL]HG WR WKH WF

After entry into the cytoplasm, the Ff ssDNA genome
positive (+) strand serves as a template to synthesize the
negative (-) strand. This step is independent of phage
proteins, and is initiated by host RNA polymerase. The
negative origin, which forms two stem-loop structures
resembling -35 and -10 promoter sequences, serves as
a starting site for host RNA polymerase to synthesize a
primer (Higashitani et al., 1997). Following binding to this

promoter mimic, the polymerase synthesizes RNA on the
ssDNA template, then stalls at a poly-G tract, backtracks
and dissociates from the template, leaving an RNA primer

2006). Host DNA polymerase Il then uses this primer to
synthesize the (-) strand of DNA, yielding a double-stranded
circle. The negative strand origin is not absolutely required
for phage replication. An RNA primer for DNA replication
can be synthesized at other locations in the genome, albeit
ZLWK D ORZHU HI¢FLHQF\ .LP HW DO
The Ff phage replicate by a rolling-circle mechanism,
one strand at a time (Figure 3). The dsDNA form of the
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Left panel: entry and lysogenization. After entry into the cytoplasm, ssDNA (red) can either serve as a template to synthesize

WKH VWUDQG UHVXOWLQJ LQ WKH 5) IRUP RU EHFRPH D VXEVWUDWH IRU WKH ;HL
(AtP DQG PHGLDWHYV VLWH VSHFL ¢df siteHde&rdrl Bén@ebrithie BhpnoQdvid DIWA(tay) and an already
LQVHUWHG VDWHOOLWH SKDJH H J 56 3 RU 7/&3 EOXH +DVVDQ HW DO *LYH
and that replication is required for lysogenization, it is likely that not only the (-) strand, but also the (+) strand replication

RFFXUV EHIRUH LQWHJUDWLRQ 5HSOLFDWLRQ DQG RU UHSDLU VIQWKHVL]HV WKH
WKH PRGL ¢ H St kdcovidtittéd dif site (AtR IROORZHG E\ WKH VDWHOOLWH RU GHIHFWLYH SU
negative regulator RstR (red, labeled ORO) and its binding to the regulatory sequences between two divergent promoters

andPa, LQ FRPELQDWLRQ ZLWK FKURPRVRPDOO\ HQFRGHG /H[$ \HOORZ ODEHOHG 3/
RstA (green, labeled OAO), genes encoding other phage proteins (not shown) and the positive regulator RstC encoded by the
VDWHOOLWH EOXH ODEHOHG 3&° ZKLOH VWLPXODWLQJ LWV RZQ H[SUHVVLRQ

Right panel: LQGXFWLRQ UHSOLFDWLRQ DQG SKDJH DVVHPEO\ 8SRQ LQGXFWLRQ RI WK
becomes degraded. As a consequence, the P, promoter transcription and production of the replicator (A), positive regulator (C)

is and other prophage genes transcribed from this promoter are induced. C sequesters R, preventing P, promoter repression.

Replication of prophage is initiated from (+) origin of replication (ori ZKLFK LV ORFDWHG a QXFOHRWLGHV GRz
AttL site, and proceeds until it reaches the ori of the satellite, synthesizing new (+) strand and releasing the recircularized old

(+) strand ssDNA, a combination of the prophage and satellite, between two (+) origins of replication. Therefore, the resulting

replicon (purple) is not the same as the one that was integrated into the chromosome (red). The episomal replication ensues,

producing the (+) ssDNA which is packaged into the virion and secreted out of the cell.



Ff phage genome is often referred to as the replicative
form (RF), whereas the positive (+) strand ssDNA form of
the genome is referred to as the infective form (IF). The
replicative form serves as a template to synthesize the (+)
strand and for transcription of the phage genes.

The (+) strand origin of replication is absolutely required
for phage DNA replication and packaging. The product of
the replication cycle initiated from this origin is the circular
ssDNA that is packaged into the virion. PIl, the replication
protein, binds to a stem-loop structure in the positive origin
formed in supercoiled RF, cleaves the positive strand at a set
site and covalently binds to the 50 end (Asano et al., 1999;
Greenstein et al., 1988; Horiuchi, 1997). The cleavage of
the (+) strand by pll leaves a free 3' end that serves as a
primer for host DNA polymerase Il which synthesizes the
new (+) strand (Meyer and Geider, 1982). The old (+) strand
is displaced as the new one is synthesized. When a circle
is complete, the covalently linked pll cuts the displaced
(+) strand at the junction between the old and newly
synthesized DNA and re-ligates the two ends together in
a strand-transferase reaction that liberates pll (Asano
et al., 1999). Early in infection the newly synthesized (+)
strands are used as a template for (-) strand replication,
increasing the copy number of dsDNA to about 50 per cell
and in turn increasing the synthesis of phage-encoded
proteins. Later in the infection when the concentration of
phage proteins has increased, (+) strands are coated by

Filamentous Bacteriophage 59

positive origins, of which the second functions only as a

terminator. When cells containing this plasmid are infected

with an interference-resistant helper phage (R474), the (+)

strand replication between the two origins results in a 200-

nucleotide OgenomeO that is packaged into a 50 nm-long

particle (Figure 1E; Specthrie et al., 1992).
THPSHUDWH (ODPHQWRXV SKDJH FKURPR)

and replication

7KH JHQRPHYVY RI WHPSHUDWH RU O\WRJHQLF

integrate into dif sites on the host chromosome (Figure 4);

WKLY HYHQW LV GHSHQGHQW RifsittWKH KRV
ELQGLQJ UHFRPELQDVH ;HU&' ZKLFK QRU

resolve dimers of chromosomes (Huber and Waldor, 2002).

The phage genome contains two inverted repeats of the dif

site that form a forked stem-loop structure, thus reconstituting

D GRXEOH VWUDQGHG ;HU&" ELQGLQJ VHTXF
9DO HW DO 7KH DFWLRQ RI ;HU&' UHF

VHFRQGDU\ VWUXFWXUH UHVXOWYV LQ VLWL

and insertion of the phage genome into the dif site of the

chromosome. In V. cholerae GXSOLFDWH &7;3 JHQRF

are inserted into the same dif site, suggesting that at least

one round of each (-) and (+) strand replication precedes

integration (Davis and Waldor, 2000). Interestingly, the

FRPSOH[] LQWHJUDWHG HOHPHQW WKDW F

genome, including ctxAB JHQHVY HQFRGLQJ &KROHUL
&W[$% ZDV OLNHO\ JHQHUDWHG GXULQJ W

VV'1$ ELQGLQJ SURWHLQ S9 ZLWK WK HecHrftFpasodnticR raird througD lsutSessve integration

ORRS WKDW VHUYHV DV D SDFNDJLQJHWMHQWY WKBWYV VQROX®L H
FRPSOH[ LV D SDFNDJLQJ VXEVWUDWH (RPD BSHKO@WRXW SKPHEB\ 5893 DQG 7/&3

EHVLGHV &7;3 W.
+DVVDQ

KDV DQ DGGLWLRQDO UHJXODWRU\ U R @GéplicationVand QaksemhWO! thés DigoV @bIMEL fhayeR |

pll (Michel and Zinder, 1989). This regulatory loop serves to
coordinate ssDNA production and packaging.
The packaging or morphogenetic signal targets the

GHSHQG RQ 3KHOSHU ~ SKDJH 56 3 RQ .6)3 |
7/&3 RQ V. 8holerae strains containing successive
lysogenization stages can be found in Nature, and these

VV'l$ S9 FRPSOH[ WR WKH S, S;, S,9 SKcadHilsd [(& RadiaatedriP $e lforatory (Campos et al.,

DQG DVVLVWV WKH PLQRU SURWHLQV 8m®3p).DQG S,;

phage ssDNA genomes so that they can be packaged into
YLULRQV DQG H[SRUWHG
packaging signal on the positive strand is recognized and
packaged (Zinder and Horiuchi, 1985). It has been noted,

LQ LGHQWLI\LQJ

$IWHU O\WRJHQL]DWLRQ WKH LQWHJIUD

5XVVHO DQ Ggenhenizsl &e inactive ia @ePlicatéik &hd virion genes are

not transcribed due to the presence of a regulatory circuit
involving a combination of host, phage and satellite-

KRZHYHU WKDW WKH H[SRUW V\VWH P eScDdet Rguidry\protdiss (Riguiel 4; Davis et al., 2002;

mutants that do not contain the packaging signal as well as

Kimsey and Waldor, 2009; Waldor and Friedman, 2005).

XQUHODWHG SODVPLG VV'1$ DOEHLW DMH DRYZHQERLRQFLUBERQYHEQH H[SUHVVLRC

and Model, 1989).

,Q )
virions are produced, often after about 40 passages of the
phage through host cells in the absence of clonal (plaque)
SXUL{;FDWLRQ ZKHQ JHQRPHV
duplications of the replication origin tend to appear in the
culture (La Farina et al.,, 1987). In these spontaneous
double-origin genomes, (+) strand replication is initiated at
the origin 1 (oril
positive origin 2 (ori2) the termination signal is recognized
by pll, which makes another cut and then ligates the two
ends of the (+) strand, to create a small genome spanning
the segment between oril and ori2. Given that virion
length is determined by the size of packaged ssDNA, the
resulting virions are relatively short. This small replicating
segment interferes with full-length genome replication
DQG SDFNDJLQJ
fraction of the phage progeny. This property has been

of plll (which in Ff phage blocks the TolQRA secondary

(ODPHQWRXVY EDFWHULRSKDJHHFHBMHRUWERRBRFOMHGOLNHO\ DOORZV VXSt

making successive lysogenization events possible. In
contrast to genes encoding proteins that are required in the

FRQWYDLLLOL@ JO L VS FEQROTHY HVIRKKIY 3 S RIVABHWQHIR U~ W R [ L ¢

&7:;3 JHQRPH FRQWDLQ DGGLWLRQDO UHJXOI
allow their independent regulation by a chromosomally-
encoded environmentally-controlled toxR regulon (Childers

ZKHQ WKH UHSOLFDWLRQ | RdddNKlose,2G0R)HY WKH QH[W

The same set of stresses that induces the lytic cycle
in the OstandardO tailed temperate or lysogenic phage (e.g.

DOVR LQGXFHVY UHSOLFDWLRQ LQ ¢(ODPHC
through a regulatory circuit that involves induction of SOS
UHVSRQVH DQG GHJUDGDWLRQ RI /H[$ SUR
al., 2005). The consequence of this induction, in contrast
WR WKDW RI WDLOHG SKDJH LV QRW JHQR

WKH VKRUW YLULRQW BHKNRBDWKBUV IHQGUHADQRWRQ RI D WHSOLFD\

cholerae 56 3 DQG &7;3 DQG D SRVLWLYH UHJXC

XVHG WR HQJLQHHU D *PLFURSKDJH SHERGXEV QX GXP-S® DWH/ ¥0OWLQJ LQ D SRVLWL
SODVPLG FRQWDLQLQJ WKH SDFNDJL Qskquektd® D©trah@i@toRaGintEbitolViZsER (Davis et al.,
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2002). Upon accumulation of the replication protein (RstA), is the packaging signal, a hairpin loop. For the assembly
a functional equivalent of Ff pll, replication of the (+) strand to be initiated, the packaging signal must interact with the
ensues, using the integrated genome as a template. Not assembly machinery. Replacement of the Ff packaging
only (+) strand, but also double-stranded replicative form signal with a hairpin loop of different sequence prevents
(RF) is isolated from the cells after induction, hence the DVVHPEO\ LPSO\LQJ WKDW D VHTXHQFH VS|
replication occurs both using the chromosomally inserted and binds to it (Russel and Model, 1989). Further, compensatory
episomal DNA as templates (Figure 4; McLeod et al., 2005). mutations for a defective packaging signal were mapped

,Q &7;3 WKH JHQRPH LV UHSOLFDWHG t& idI\MEeHikher kvenRraReUdomp@aht R1 the assembly
UHSOLFDWLRQ ORFDWHG LQ WKH LQWHBDH®LED WUWHTXOHEFSY, ADQBLY,I WKKH WZR PLQF
&7;3 FRGLQJ UHJLRQ RQH XSVWUHDP @nhtibltNer/iBon AtRupicttkeHassamidly starts (Russel and

genome) and one downstream (derived from the closely Model, 1989). All these data are consistent with a model
UHODWHG VHTXHQWLDOO\ LQWHJUDWHG ¥ W HPKO IS\WB A NSKIDDH 56, 3Q DIDY UWHFRJIJQLWLRQ
and Waldor, 2000; Moyer et al., 2001). V. cholerae strains initiates the assembly. The assembly machine is composed
FRQWDLQLQJ D VLQJOH FKURPRVRPDO®\I LQOVHIUW DRMVHRE UL DOQW HEWVEBXM FKDQQHO S, S
phage genome have never been found in natural isolates. PHPEUDQH FKDQQHO S,9 ZKLFK IRUP WKH S
Replication in an engineered strain containing a single SFRPSOH[” )HQJ HW DO ODUFLDQR HW D
&7;3 LOQOVHUWLRQ DQG WKHUHIRUH RQO\ DTNele@dg@tidn BrRaelofsds¥niblyRensudd, duriRg which

replication) only very rarely generated episomal replicons, WKH YLULRQ LV DVVHPEOHG DV LW LV H[WUX
which were smaller than complete genomes (Moyer et WKH VV'l$ WUDYHUVHV WKH PHPEUDQH S9
al., 2001). In this dead-end situation, a satellite phage, LV UHSODFHG E\ PDMRU FRDW SURWHLQ S9,,
which could be generated by origin duplication, much like FRPSOHWHO\ FRDWHG ZLWK S9,,, PLQRU FRI
LQ )I SKDJH FRXOG UHVFXH HIl¢FLHQ W laié Sded D \We RiGpn R Ghisy dvent ReQults in the

production and result in observed composite lysogenic release of the assembled phage from the virion. If either

arrays in V. cholerae. In summary, the requirement of two of the two proteins is absent, the phage remain tethered to

sequentially integrated origins for induction of episomal the membrane (Rakonjac et al., 1999; Rakonjac and Model,

UHSOLFDWLRQ DQG HI¢FLHQW YLULRQ SI9R)G Mferstimylg Fahét HRANStoRSnD XimeWaksRiably
and transmission of V. cholerae WHPSHUDWH ¢ ODPOIWWRXWKHU WKH (¢ODPHQWY NHHS HORQJ

bacteriophage a very social affair (Campos et al., 2003a; JHQRPHV DQG S9,,, PRQRPHUV UHVXOWLQ.
+DVVDQ HW DO i DQWKRPRQDV D Q@peataht¥ bixheDinfedté¥dRcEH @ lefectron micrographs:
(ODPHQWRXY SKDJH OLNH WKE&fskesR | 9dfterd D& min iQf&ctiod 20013Q0WIiRIike structures, several

(Chouikha et al., 2010; Lin et al., 2001). In contrast, the Pf4 micrometers long, emanate from the cell surface.

O\WWRJHQLF ¢ ODPHQW Rexugin&sd PAM. deds Deletion analyses have shown that a 93 residue

not seem to use dif sites; the replicative form arises by & WHUPLQDO IUDJPHQW RI S,,, FRQWDLQLQJ
UHFRPELQDWLRQ EHWZHHQ WZR GLUHF\U QG S/HKHHWEY WMKIDPN. QD@ K\WKRSSMKRELF KHOL[ L
genome (Webb et al., 2004). Another peculiarity of Pf4 is of the phage from the membrane. A shorter C-terminal

that it encodes a putative reverse transcriptase, which is not IUDJPHQW RI UHVLGXHVY ODFNLQJ WKH D

IRXQG LQ DQ\ RWKHU O\WRJHQLF ¢ ODPH@OQFRNGBKDWHVHQ@QRPHWKH (ODPHQW EXW FI
6RPH O\WWRJHQLF SKDJH LQFOXGLQJ &ast8ell.Ohkbse RiusGdidate abDavsertain minimal portion
YHU\ ORZ OHYHOV DIWH 8per@nG(RQEiNdheR Q +oiXitBe W Bomain is required for disruption of the growing

etal., 2005). Others, like Xanthomonas campestris Cf16 and .ODPHQW DQG UHOHDVH IURP WKH FHOO 5D
P. aeruginosa lysogenic phage Pf4, achieve much higher however this fragment is shorter than the one required for
titers. These two phage have rather dynamic regulation of phage entry (Bennett et al., 2011). The requirement for
virion production, which seems to be tuned with the age of incorporation of plll into the virion has been systematically
WKH FHOO ODzZQ &l RU WKH ELR¢ OPinvadtigated Doy BlaNin® Gcanning mutagenesis, which
Rice et al., 2009). P. aeruginosa 3$ JURZLQJ LQ E kHRwed fhet out of 150 residues of the C domain only 24
assemble and release Pf4 phage continually; however, on side-chains, located within the C-terminal 70 residues are
DERXW GD\ Rl ELR¢{¢OP JURZWK WKH SridDideld (Weis® ¢t 81./2008) QOahsidzing het\both plll and
(titer increases from 107 to 10° per mL). These new virions S9, DUH LQWHJUDO PHPEUDQH SURWHLQV D

represent a different entity, named OsuperinfectiveO phage.  found in the virion (Day et al., 1988; Hemminga et al., 2010),
These late-released OsuperinfectiveO, but not the early- it remains puzzling how the assembly machinery mediates
released OregularO phage form plaques on lawns of PAOL  the release of these two proteins and the virion becomes

(which is a Pf4-lysogen and is resistant to superinfection H[FLVHG IURP WKH PHPEUDQH DW WKH HQG R
because of active episomal replication). Both OregularO and Ff production does not kill the cell, but it is a highly
OsuperinfectiveO phage variants can infect a strain containing FRRUGLQDWHG SURFHVV ZKLFK FRD[HV WKH
a complete deletion of the Pf4 genome (Rice et al., 2009; and integrate an estimated 108 FRSLHV RI S9,,, LQWR WKH
Webb et al., 2004). The molecular basis of this fascinating membrane per cell per generation. This large burden is
phenomenon has not been investigated as yet. relieved through secretion of the virion. If the secretion is

blocked by mutating components of the assembly machinery
Assembly S, S;,DQG S,9 RU SURWHLQV LQYROYHG LQ
During replication, the newly synthesized circular ssDNA DVVHPEO\ S9,, S,; WKH KRVW FHOO DFFXP
phage genome is covered with dimers of the phage-encoded internal mitochondrial-cristae-like folded inner membrane

VV'1$ ELQGLQJ SURWHLQ S9 ZKLFK FRSr@@yany dasqS$Sthidatiz laqiVEiRded 1968). Mutation
URG )LJXUH 7KH RQO\ H[SRVHG VHJiR tHex¥plidation\proteinJoH, @ratrevents synthesis of the
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(+) strand, or sublethal concentrations of the translational 2001). A simple septum-like occlusion that interrupts the

inhibitor chloramphenicol rescue from killing (Pratt et al., FRQWLQXLW\ RI WKH VHFUHWLQ FKDQQHO K
JYXUWKHUPRUH D SODVPLG W K D WofHHeSdéddetinsHaaly2ed Ehus fidrbby Hryo-EM and single

proteins, but in which the origin of replication and packaging SDUWLFOH DQDO\VLYVY H[FHSW WKH W\SH ,9 S

VLIJQDO DUH UHSODFHG E\ D ORZ B6rRS\ f@ctdRifE MIQ of NI &ndgittiBWEZ RQFK KDV D FRPSOH[ S

(pA15) is not lethal to the host cells (Chasteen et al., 2006). (Frye et al.,, 2006). The septum or plug is presumably
7KHVH ¢QGLQJV VXJIJHVW WKDW OR ZH UhtGyaBUtRaG &Maink Ge Rchadre| ,in b @losed state
the absence of assembly is tolerated by the host cells. (Chami et al., 2005; Hodgkinson et al., 2009; Marlovits et
al., 2004; Opalka et al., 2003; Reichow et al., 2010). We
Secretion machinery KDYH UHFHQWO\ LGHQWL{HG WZR VHJPHQW
The inner membrane component of the assembly machinery conserved C-terminal secretin family domain that likely

FRQVLVWVY Rl WZR SURWHLQV S, DQG SfarmWhe He@InWGAFH] EHatUdpany SR @skiled)and
to a C-terminal portion of pl that is produced by translation GATEZ2 (that spans 14 residues). GATE1 and GATE2 were
IURP DQ LQWHUQDO $7* FRGRQ ZLWKLQLGHGQWMRWK G, ENQGHOHFIMLK)J IRU 30HDN\" PX

required for assembly (Haigh and Webster, 1999; Rapoza maltooligosaccharides in the absence of maltoporin LamB.

DQG :HEVWHU 7KH S, SURWHLQ HEHHKrée dddtidhaSleaky FriRt@tidn® &re Ndcated in the region

a putative ATP-binding domain necessary for assembly. WKDW HQFRGHVY WKH SHULSODVPLF 1 WHUPL
7KH DQDO\VLV RI S, KDV EHHQ KD P SH Uthe®/-iiny dnd/dsulld bel ikvoWer! i tidgafing gate opening

to the host cell. It is thought that pl can form a channel and (Spagnuolo et al., 2010).

it has been shown to have an ATPase activity (Feng, 2000; $ QXPEHU RI (¢ODPHQWRXVY SKDJH ODFN V
Horabin and Webster, 1988). A semi-permeable system has outer membrane channel, posing the question of how they

been used to show that the ATP is required for Ff assembly DUH HIWUXGHG WKURXJK WKH RXWHU PHPEU
(Feng et al., 1997). SKDJH &7 )\dbrR Icholerae (Waldor and Mekalanos,

S,9 WKH RXWHU PHPEUDQH FRPSRQHQW IRQ GV K Hs DNEHddriaEn@hingitidis (Bille et al.,
PDFKLQHU\ IRUPVY D UDGLDOO\ V\PPHW 2005 DOtQvas fdurtUthaF e&cR Bepéndl pn a host-encoded
upon insertion into the membrane (Opalka et al., 2003). VHFUHWLQ &7;3 XWLOL]JHV (SV' RI WKH W\SH
7KH S,9 PXOWLPHU IRUPV D EDUUHO ODNHVVMMW XFOW XUH ZDOWX ODEB XWLOL]JHV 3LO.
outer diameter of about 13.5 nm and height of about 12 pilus assembly system (Bille et al., 2005). The OborrowedO
nm. The barrel is comprised of three OstackedO rings, an  secretin channel EpsD does not require inner membrane

N-terminal ring (N-ring), middle ring (M-ring) and C-terminal components of the type Il secretion systemin order to secrete
ring (C-ring), with a discontinuous pore in the centre that &7;3 SKDJH 'DYLV HW DO V.chatt@EH (SV'R
is interrupted by a septum across the M-ring. The pore and presumably PilQ of N. meningitidis must function with
diameter ranges from 6 nm at the N-ring to 8.8 nm at the two dissimilar inner membrane secretion components, those

C-ring (Opalka et al., 2003). This channel is utilized by the Rl WKH SKDJH DQG WKH W\SH ,, VHFUHWLRQ
HORQJDWLQJ ¢ODPHQWRXV SKDJH ZL Wiusks@miiyPdystérds) TRY iDguRbg given the strict

nm) to cross the outer membrane (Marciano et al., 2001). VSHFL;FLW\ WKDW LV QRUPDOO\ REVHUYHG

1 WHUPLQDO SHULSODVPLF SRUWLRQV d®malK of a&SsexratiX Bkl QheWognat® Whidrihizmbvane

with the inner membrane components of the assembly moiety of its trans-envelope secretion machinery. The

FRPSOH[ S, S;, 'DHAHU HW DO 5XVPEPU PHPEUDQH FRPSOH[HV RI VHFUHWLR
,OQOWHUHVW LQ S,9 ZDV LQWHOQVL¢ H Belidvéd to/daetgie the FaR3petiahd Résumably to couple

homologues in Gram-negative bacteria. These homologues secretin channel opening to secretion (Clausen et al., 2009;

DUH FROOHFWLYHO\ UHIHUUHG WR DV \OrhiglaHdML Q008; Jd6lihsenQetHaly ID@5; Marlovits and

Thesecretinsare conserved componentsofotherwisediverse 6WHEELQV 7KH SURGXFWLRQ RI &7;3 SK

*UDP QHJDWLYH EDFWHULDO V\VWHPV aldubone pef B0R 10¥\telB LsRogektib@ihvat i@@orrowedO
ODPHQWRXY SKDJH RUDVVHPEOH W\SH/ HFESHOW Q IRIXUWHK GBFWAL\B® DW YHU\ ORZ HI¢F
Il systems are utilized for secretion of hydrolytic enzymes

DQG WR[LQV LOQWR WKH H[WUDFHOOXOBPRVMQ YHYBRPDNGW WRKQNROHMWQY DQG (O
al., 2006; Russel, 1998; Sandkvist, 2001). The related type infection

,9 SLOXV ELRJHQHVLV VA\VWHP LV LQYR@NgHI® highlyDpvoditfvE G iffedtidn (about 1000
HIWUXVLRQ RI W\SH ,9 SLOL W ZLW F K L QphagdrparLcellLpar \gdh € adiotx) Sadtinildtidh | of 1 major

from the environment (Craig and Li, 2008; Pelicic, 2008). FRDW SURWHLQ S9,,, LQ WKH LQQHU PHPE
Type lll secretion systems translocate proteins directly H[SUHVVLRQ RI D IHZ KXQGUHG FRSLHV R
from the bacterial cytoplasm into eukaryotic cells. Acting DVVHPEO\ VHFUHWLRQ FRPSOH[HV UHVXOW
together in a coordinated fashion, the translocated proteins cellular phospholipid metabolism through inhibition of
manipulate signal transduction and cytoskeleton dynamics phosphatydilserine synthetase (Chamberlain and Webster,
within eukaryotic cell, allowing invasion and intracellular 1978), increased phosphorylation of several proteins
growth of bacteria (Block et al., 2008; Coburn et al., 2007; including chaperone DnaK (Rieul et al., 1987) and induction
Galan and Collmer, 1999; Moraes et al., 2008). of a stress response called the phage shock protein (Psp)

&KDUDFWHUL]DWLRQ RI SXUL¢{HG Zdsap@seVBriddette 8t 4., 109D;®anlin, 2005; Model et al.,
OleakyO point mutant by electrophysiology as well as bin 1997).
vivo H{SHULPHQWY HVWDEOLVKHG WKDW S 2ULYLD DMDMUJEHWPWIHG LQ ¢ ODPHQWRXV
diameter) gated channel that is blocked by the assembling coi %ULVVHWWH HW DO DQG ODWHU L
SKDJH (¢ODPHQW ODUFLDQR HW DO screen foDvldlehdz a&orsiMYeBida enerocolitica (Darwin
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Figure 5. Secretion systems and psp regulon induction. A. Comparison of three secretion systems. IM components

YDU\ EHWZHHQ V\VWHPVY DQG VSHFLHY KRZHYHU VRPH JHQHUDOLWLHV H[LVW ([SRL
similar OM component called the secretin (shown in red). Type Il secretion substrates enter the secretion apparatus in the
SHULSODVP DQG DUH H[SRUWHG WR WKH H[WUDFHOOXODU PLOLHX 7\SH ,,, VHFUHWL
through the centre of the secretion apparatus, and are injected directly into target cells. Filamentous phage assembly. The
VLOKRXHWWHYV RI WKH LQQHU PHPEUDQH FRPSOH[HVY DOO GUDZQ LQ \HOORZ DUH EC
VA\VWHP ODUORYLWYV HW DO 7KH VWUXFWXUHV RI WKH LQQHU PHPEUDQH FRP
phage assembly system have not been determined. The secretin channels (red silhouettes) were derived from the respective

structures obtained by cryo-EM and snngle particle analysis (Marlovits et al., 2004; Opalka et al., 2003; Reichow et al., 2010).

C, M and N denote the respective OringsO recognizable in the cryo-EM structures of secreting® and C . Induction of the phage

shock protein (psp) stress response regulon. B. In the absence of stress signals, the psp regulon activator PspF is inactive

due to its interaction with PspA. C. 7KH SHULSODVPLF GRPDLQ RI 3VS& GHWHFWYV VW@p$pVVHV LQ(
UHJXORQ 2UDQJH VKDSH S,9 RU RWKHU VHFUHWLQ LQVHUWHG LQ WKH LQQHU PHF
the outer membrane). When a stress threshold has been reached (1), a conformational shift in the cytoplasmic domain of

PspC occurs, uncovering the binding domain of PspB. PspA then interacts with PspB (2), causing the release of response

transcription factor PspF and subsequent transcription of the psp regulon (3); (Gueguen et al., 2009). IM, inner membrane;

OM, outer membrane.



and Miller, 1999), the psp regulon has been found to encode
7 proteins (PspA-G). pspA-E genes constitute the psp
operon; pspF, gene encoding the transcriptional activator
of the operon, is located just upstream and is divergently
transcribed, while PspG is not linked to the other psp genes
(Figure 5B).

A wide range of stresses induces the Psp response.
Upon induction, PspB and C have been shown to activate
H[SUHV VLR QspRrrégWoK By releasing PspF from a
FRPSOH[ ZLWK 3VS$ )LIXUH &
et al., 2010; Jovanovic et al., 2009; Jovanovic et al., 2010;
OD[VRQ DQG 'DUZLQ
transduce stress signals to PspB and PspC, however,
are unclear and the mechanism of stress relief is not well
understood (Darwin, 2005; Jovanovic et al., 2009; Jovanovic
et al., 2006; Seo et al., 2007). The accumulation of PspA,
the most massively-produced protein of the Psp response,
requires hours, in contrast to minutes generally required
for accumulation of proteins after induction of bacterial
promoters. Given that fast pspA mRNA accumulation is
observed (Spagnuolo et al., 2010), it is possible that post-
translational regulation plays a role in the Psp response.
More information about the activation of the CRISPR
response (Perez-Rodriguez et al., 2011) as well as genome-
wide changes in small RNAs, proteome and metabolome or
other posttranscriptional and posttranslational processes
will likely unlock the secrets of this stress response.

Phage display technology

Filamentous Bacteriophage 63

number of copies of the peptide per virion. For a library of

10%% variants, representation of every variant demands that,
GHSHQGLQJ RQ WKH H[SHFWHG DIQLW\ RI
number of particles be screened. This is not a problem,

because Ff used in phage display technology are produced

at concentrations (or titers) of up t0103 per ml of culture.

Increasing the culture volume and concentrating the phage

particles further increases this number.

7KH EDVLF PHWKRG IRU DI¢QLWY VFUHHQ

* X H J X HdBplayiibrBrids is often refdRr@i\to as Obiopanning® (Parmley

and Smith, 1988). The ligand of interest is immobilized on a

7KH LQWH U P46l lsippoH, addrthe(piiaye dspldy Worary (in the form of

SXUL{¢HG YLULRQV LQ VROXWLRQ LV DSSOL!
VSHFL¢{¢F YDULDQWY OXOWLSOH URXQGV RI .
to eliminate the adherent non-binders, and what remains
ERXQG LV HOXWHG ,I QR VSHFL¢F HOXHQW
high pH are commonly used to disrupt interactions of the
displayed peptide with immobilized ligand. Because some
XQVSHFL¢{¢F ELQGLQJ RI SKDJH WR WKH PDW
ligand occurs, at least three rounds of panning are typically
required in order to amplify the binding variants and eliminate
WKH 3SEDFNJURXQG” RI QRQ VSHFL¢{F ELQGHU
YDULDQWY RI ELQGHUY DUH SUHVHQW LQ WK
YDULDQWY ZLOO RXWFRPSHWH WKRVH ZLWK
EH D SUREOHP LI IRU H[DPSOH D F'1$ OLEU
order to identify the interactome for a ligand of interest, or a
peptide library is screened against multiple ligands. Recent
reports combined high-throughput sequencing with one or
two rounds of panning, to overcome the competition problem

OXFK RI WKH DETXLUHG NQRZOHGJH D E Rixddentify, O DePds@peé® of WurBetdds hinding variants in a
UHSOLFDWLRQ DQG VWUXFWXUH KDV E HoHapeisplay RiratyHOB Nir@ eSak, 2010; Bias/N&0 Bt\al.,

technology and derived applications in nanotechnology. In

2009). The readers are referred to phage display manuals

cUVW SKDJH GLVSOD\ OLEUD UL H Vor RédtaiieR pydtoc8l$H(BarbasaIHeY alD) ZD@GL; Clackson and

antibodies were published (Barbas Il et al., 1991; Clackson
etal., 1991; Cwirla et al., 1990; Devlin et al., 1990; Marks et
DO 6FRWW DQG 6PLWK
of phage display use in protein and antibody engineering.
Peptide libraries are mainly used to identify motifs to which
important cell-signaling proteins bind (e.g. SH3 domain
or BiP chaperone; Blond-Elguindi et al., 1993; Cheadle
et al., 1994) or to select for agonists of antagonists of the
peptide hormones for a receptor of interest (Lowman et al.,
1991; Wrighton et al., 1996). Antibody libraries are used
to select recombinant Omonoclonal® antibodies that bind to
potential therapeutic targets, such as antigens present on
the surface of malignant cells (Schier et al., 1995). Besides
these two major applications, phage display has also been
used to select variants of proteins of interest with changed

Lowman, 2004; Rodi et al., 2002).
%HFDXVH RI HDVH RI PDQLSXODWLRQ DQG

I R O O BfZl¢ Gririens BoQa birp&dorénygd. & @H and temperatures,

)I ¢cODPHQWRXV SKDJH FRQWLQXH WR EH II
XVHG LQ SKDJH GLVSOD\ WHFKQRORJ\ WKDC
7 (DFK RI WKH ¢YH )I YLULRQ SURWHLQV K
platforms for phage display, but most commonly used are the
PLQRU SURWHLQ S,,, J)LIXUH % ( DQG WKH
(Figure 6G,H). Both proteins in Ff phage have an essential
N-terminally located signal sequence which is required for
their targeting to the inner membrane. During translocation,
the signal sequence is cleaved by signal peptidase, and
the N terminus of the mature protein is localized in the
periplasm. Therefore, to be displayed on surface, proteins
need to be inserted, in frame, between the signal sequence

ELQGLQJ WDUJHW RU LQFUHDVHG Dl¢ Q lakdthe/rRatinelpbrtidn f theBel tiopisteiid HVW  H J

protease inhibitors with increased activity (Roberts et al.,
1992) or transcription factors with changed DNA recognition
VHTXHQFH 5HEDU DQG 3DER

6PDOO K\GURSKRELF SURWHLQV S9,,
can also serve as a display platform if a signal sequence

DQC

7 KH W/ @eviged at thg Wiermihl@ oV e insert. Moreover, two

EURXJKW WKH QHZ XVH IRU )l SKDJH D QG@usits bf & Het&radi@ G Protein Davi b displayed in pairs

toolkit for assembly of nanostructures (Mao et al., 2004).

The principles of phage display
7KH DLP RI
a rare variant in a library. Once constructed, the library
must be screened to isolate the variant of interest. To do

VR WKH SKDJH (UVW PXVW EH DVVHPRPUIHd@spRY G UHOHDVHG
KRVW FHOOV LQ VXI¢FLHQW QXPEHUV QYR ®DNGLYSODLNWION WXPEHW RI

desired variant is present and can be selected. Success will

LQ S9,, DQG S,; LQ WKH VDPH KRVW FHOO
of the heterodimeric protein on the surface of the phage
*DR HW DO S9, WKH OHDVW IUHTXHQ

DOO SKDJH GLVSOD\ OLEU pHage tisplayldhip displays proteind/fRseg @ i C-terminus

(Jespers et al., 1996).

IURP
FRSLHV R
per virion depends on the size of the displayed peptide.

GHSHQG RQ WKH DI¢QLW\ RI WKH SH S WIh&ddt-ofRlehgi foiuindiasa® dsilayDoDpeptitles bin every
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Figure 6. Types of phage display. A, Wild-type phage,
B-E, types of plll display: B, monovalent display, with
fusions to the full length plll; C, polyvalent display, fusion
with the full length plll; D, monovalent display, with fusion to
the C domain of plll; E, indirect phage display in which the
green and red connecting shapes between the star-shaped
displayed protein and truncated plll represent the leucine
zipper dimerization domains of transcription factors Fos and
Jun; F S9,, DQG

RU SG @®RWIDAPB\S9,,,
LQ ZKLFK ZLOG W\SH S9,,, LV FR LQFR éBH
WRIHWKHU ZLWK WHKHXQ&JRUKVIRQ GLVSODyRrY

PlIl display
Only the C domain is of plll is required for assembly of the
virion, hence this domain alone (Figure 6D) can be used
in display as long as it is preceded by a signal sequence

%DUEDV ,,, HW DO *ULI¢ WKV HW DO
N1 and N2 domains of plll are required for infectivity of the
particles, if truncated plll is used for display, a wild-type
(full length) plll must be provided in order to allow easy
DPSOL¢{;FDWLRQ RI SKDJH $V ZLWK Ss9,,,
must be in frame with the upstream signal sequence and
downstream mature (or truncated) plll.

7KH S,,, IXVLRQV DUH PRVW FRPPRQO\
from phagemid vectors, which carry both plasmid and
f1 origins of replication, the f1 packaging signal and an
antibiotic resistance gene (Barbas Il et al., 2001). The
phagemid vectors carry a cloning restriction site between
sequences encoding the signal sequence and mature full
length or truncated plll. This allows proteins encoded by
the inserts to be displayed on the surface of the phage as
a fusion with plll. Phagemid DNA into which inserts have
been cloned are introduced into F* cells, and upon helper
phage infection, the phagemids replicate from the f1 origin,
resulting in production of ssDNA that is assembled into the
virions displaying the proteins encoded by the phagemids.
These virions are usually called phagemid particles or
transducing particles (TDP). To amplify a phagemid, the
SDUWLFOHYV D U thdatcphsGrhe [pheden)id DNA is
LOWURGXFHG LQWR WKH FHOO E\ LQIHFWLRQ
of the antibiotic resistance encoded by the phagemid. In the
absence of the helper phage, the phagemid replicates from
the plasmid origin of replication.
7KH SKDJHPLG RIIHUV AH[LELOLW\ LQ WKD

GLVSOD\ FDQ EH H[SUHVVHG IURP DQ LQGXFL
LV GHVLUDEOH EHFDXVH PDQ\ S,,, IXVLRQV D
the host cell. Furthermore, phagemid vectors are generally
smaller than the phage genome, thereby increasing the
HI¢FLHQF\ RI WUDQVIRUPDWLRQ ZKLFK LV W
the diversity (or primary size) of phage display libraries.
3KDJHPLG SKDJH GLVSOD\ YHFWRUYV DOVR RI
number of displayed copies of plll per virion. If wild-type
helper phage is used (Figure 6B), there is on average less
than one displayed fusion per virion, due to preferential
incorporation of wild-type plll encoded by the helper phage.
The frequency of display can be increased by using a helper
phage with gene Il amber (gllI2™) mutation in a suppressor
VWUDLQ 7KH DPRXQW RI S,,, HITSUHVVHG IUF
¥i® Qefbr is lower than from the wild-type helper, favoring
RIEPDWRWE MIKSk B5HPRE H[SUHVVHG s,
LVSOD\ LQ DOO ¢YH S,,, FRSLHV H

WK H

ZKLFK DOO S9,,, VXEXQLWV DUH IXVHG WEHSUEWHGHNG 1IRU ORZ DI¢QLW\ LQWHUDFW

S9,,, FRS\ LV UHVLGXHV
display larger peptides and even entire proteins, a wild-type

S9,,, DQG GLVSOD\ IXVLRQV KDYH WR E(Ehgs%e
SKDJH 39,, KDV DOVR EHHQ XVHG IRU GLVSOD

SURWHLQ FRPSOH[HV

OLQNHU

helper phage that carry a deletion of gene Il are used (de
LOGW HW *ULIL WKV HW DO 5

DQ
'DQQROR H W)gﬂ.%ecently, a th(ﬁ HI%HH h\é\éﬁ)een constructed,

liminating th d f hel h in ph displ
elimina |nﬁ%{§l ﬂi%georHaG eLp(e?r\K)/ 12g¢, in phage display
Rl ' KHWHURGLPHULF

E\ H[SUHVVLQJ Bh e\éllgﬁl}%yo\(%ﬁdadié:sHoo WZR

GLITHUHQW S9,,, 1XVLRQV ZKLFK LQFO %G od?es%e\’iweﬁé—g@alﬂleﬁga et Is8if? diagnostics

the two linkers become covalently linked by an S-S bridge,
thereby forming a dimer upon assembly into the virion
(Zwick et al., 2000).

%HFDXVH S9,,, DVVHPEOHV DY D &dcfioH Yt k&

0 (yewa%b ﬁgf l&Jbstances, from

pesticides and hormones to viruses. In the early nineties,
phage display technology empowered researchers to use
invitro SKDJH DI¢{¢ QLW VHOHFWLRQ LQVWHDG RI
hybridomas, to successfully isolate monoclonal recombinant
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antibodies that recognize the target or antigen of interest. binding to substrate or interacting partner are randomized.
7KHVH LQLWLDO UHSRUWYV VKR ZH €oliw K FvemZtKait! ipraty, Siveiridit igdingQto a new ligand can
DQG DVVHPEOHG LQWR WKH )I SKDJH I"&HE8HORI BWHERU29H, , Rl WKH PRVW VWULNLQ.
YDULDEOH GRPDLQV yRIDWIGHOKHEMWE) ® HYROXWLRQ LV WKDW RI JLQF ¢QJHU FRQ
chains can fold correctly and recognize the cognate antigen factors (Rebar and Pabo, 1994). These authors randomized
(Barbas lll et al., 1991; Kang et al., 1991; McCafferty et al., WKH UHVLGXHV RI WKH JLQF ¢QJHU PRWLI V
1990). Two types of display were designed, one in which the for binding to a certain DNA sequence and then screened
KHDY\ DQG OLJKW FKDLQ YDULDEOH G RireDibraryfor bitdlirdg Itb[ & tifféiéivt degudhse, to obtain a
separate polypeptides from the same vector and became QHZ JLQF ¢(¢QJHU PRWLI ZLWK D FKDQJHG V.
associated in the E. coli periplasm prior to phage assembly SLRQHHULQJ H[DPSOH LV FUHDWLRQ RI D YI
(Fab; Barbas Il et al., 1991; Kang et al., 1991), and the KRUPRQH ZLWK LQFUHDVHG DI¢QLW\ IRU WE
RWKHU ZKBDQH ¥ GRPDLQV ZHUH H[SUH ¥t\aH G99D)VNumerous groups have focused on protease
VLQJOH SRO\SHSWLGH FKDLQ VHSD U D WrhiBitoEs) randeniz@d thi pirpteBs® binding GltdisHinlbrder to

VF)Y &ODFNVRQ HW DO
ZHUH DPSOL¢HG
volunteers. However, antibodies against human (self) target
proteins, to which humans are naturally tolerant, are crucial
targets for therapy. Human antibodies against human
antigens have already been obtained by in vitro screening

IURP % FHOO P51% RI

Early in the history of phage display technology it was

7KHVH (DLW LERGHDVEGDMELY W\ RU FKDQJHG
alP PO RYbeGs @ Q.. PPV RU

FRQ{;UPHG WKDW WKH HQJ\PHV GLVSOD\HG R

phage are active (McCafferty et al., 1991). In the following
years, sophisticated schemes have been developed to

SUH LPPXQH SKDJH GLVSOD\ OLEUDU L Hlar]frinQandomiRed librhXies, the brzykives tat catalyze

et al.,, 1993) and used for development of therapeutic
recombinant antibodies (Chames et al., 2002; de Haard
et al., 1999; Marks et al., 1991; Schier et al., 1996) and

a reaction of interest. One such scheme is to covalently link
a substrate to one copy of plll and the enzyme to another
FRS\ RI S,,,

WDUJHWLQJ JHQH GHOLYHU\ WR V SHF L gfRh& 3uBdir&de, Rirt @ight GRiXsCouH &\siyl® turnover

2000).

Initial screening of human pre-immune libraries yields
ORZ DI¢(¢QLW\ DQWLERGLHYV
by random mutagenesis of the antibody coding sequence in
E. coli

reaction to generate a product. The selection scheme is

LQ WKH VDPH SDUWLFOH

%HFD

GHVLIQHG VR WKDW WKH SURGXFW LV VSHF

+RZHYHU Wsdiid dhdgeQhevéhyEap@riggHhe EhSychB-&hida@ing phage

(Forrer et al., 1999; Gao et al., 1997; Hansson et al., 1997;

RU E\ VKXIALQJ YDULDEOH VHJP H Q3duvhilRoh 8/ #.HI99H.OHFWHG ORZ
DI¢ QLW DQWLERG\ ZLWK D OLEUDU\ RI

YDULDQWY LQ RUGHU WR ¢QG D

FRPELQDWLRQ ZLWK DQ LQFUHDVHG D IRMadeWispla§ EBNAHibfariésV D O

Thompson et al., 1996). The other limitation of pre-immune
phage display libraries is their primary size. This limitation
was overcome by combining two libraries using in vivo
recombination (Sblattero and Bradbury, 2000; Tsurushita et
al., 1996; Waterhouse et al., 1993).

Determination of interactions between cellular proteins is a
key to understanding the essential cellular processes. The
yeast two-hybrid system is most frequently used for this
purpose (Fields and Song, 1989). However, the interactions
LQ WKDW V\VW H PBn Dt H he Gdvatage of diage

2QFH DQ DQWLERG\ ZLWK D VXI¢ FL Hiplay@s\that thé ihtebactoRd ané\seldRted in vitro, and that

WKH DQWLJHQ RI
independently of the phage in high amounts for clinical
use. Moreover, Ff virions displaying antibody variable chain
can be used as detection devices or tracers. The scFv-plll

LQWHUHVW LV LV R OtBeVWhte@cting \arfR@ Qor Bait) ebpSHe HiwVib@cule or

PROHFXODU FRPSOH]
For construction of phage display cDNA libraries, the
necessity for the insert to be in frame with both upstream

IXVLRQV WKDW DUH GLVSOD\HG RQ W KahdwdwastRam/Edqtensdas Bntihh theosBrRetbeWation as
ELQG WKH DQWLJHQ ZKHUHDV WKH ¢ O Dhe Hhad pratéin b WhieiRiQaMBdd@ecRvElHdécreases

FRSLHV RI S9,,, LV XVHG IRU GHWhtRzeL®R Qe kbrarWiy ld fa&ER0QIB. These odds were
DQWLERG\ $QWL S9,,, DQWLERGLHV R Umpgkov&iUly SIEsRybint)VanF iRdedtXdidpiy Hs@stem: the
WR S9,,, DUH XVHG WR 3ADJ" WKH ELQ G libgady Was Wided/ downstidamoEa dih &igingy Zelicha zipper

immunohistological detection of the antigen (Li et al., 2010;

Sobry et al., 2005; Willats et al., 1999; Zhou et al., 2002)
Besides use in diagnostics and therapy, antibodies

generated by phage display are also used as catalysts. This

DSSOLFDWLRQ UHTXLUHV LPPXQL]LQJ

with an organic molecule that mimics the transition state
intermediate in a chemical reaction. The antibodies are
then displayed on the phage to select for clones that bind
to the transition state intermediate and subsequently tested
to determine whether they catalyze the reaction of interest
(Baca et al., 1997; Fuijii et al., 1998; Janda et al., 1997).

Protein evolution by phage display

Phage display has been a powerful tool for evolution of
proteins in the laboratory, to create proteins with novel
properties. This is achieved by creating a library of variants
of a protein of interest, in which the residues required for

domain of the transcription factor Jun, and its interaction
partner, Fos, was fused to plll (Figure 6E). The leucine
zipper was formed in the periplasm, allowing display of
cDNA fusion proteins on the surface of the phage (Crameri
& &.H1994)SIH this Bétu Wibiah dD thd BbEa® inserts to
the C-terminus of Fos eliminated the requirement for an
in-frame joint downstream of the insert and increased the
HITHFWLYH OLEUDU\ VL]H IURP

been successfully used to identify allergen proteins: phage
display cDNA libraries of biological materials that cause the
allergy were screened, to identify the protein(s) that induce
the allergic reaction. The baits in these screens were IgE
antibodies of the patients (Crameri and Blaser, 1996). In
another approach, a phage display phagemid vector was
designed that contains a removable marker cassette (lox
VLWHVY ADQNHG ODFWDPDVH JHQH
and glll. Clones containing an open reading frame in correct

WR

EHWZH
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RULHQWDWLRQ DQG IUDPH DUH LQLW LebaD,Q007)X&relsBiccdssiully uSeD e wbiR Eovieibanks of

conferring resistance to ampicillin to transformed cells. surface and secreted proteins from Lactobacilli. These phage

Following selection on ampicillin, helper phage is used to display clone banks allow functional analyses of individual

generate the phagemid particles, which are then transfected surface and secreted proteins without a need for systematic

LOQWR D &UH UHFRPELQDVH H[SUHVVLQOFKRYMD W RI[SHPARYHRWKMHQG SXUL¢FDWLRQ )I
lactamase cassette by Cre-mediated recombination of lox hapten for immunization (van Houten et al., 2010); hence

sites, resulting in fusion of the inserted open reading frame clone banks of bacterial surface proteins can be used to

with plll (Zacchi et al., 2003). This method, in combination greatly facilitate screening of vaccine candidates.

ZLWK WZR URXQGV RI DI¢QLW\ VHOHFWLRQ DQG QH[W JHQHUDWLRQ
sequencing, was recently used to identify OinteractomeO, a  Random peptide libraries

set of proteins that interact with enzyme transglutaminase 2 Finding peptide candidates or OleadsO for design of organic
(TG2), involved in the regulation of cell growth, differentiation compounds that bind to a target of interest has been
and apoptosis (Di Niro et al., 2010). revolutionized by phage display. In pioneering work, (Scott
Protein fusions displayed on the surface of Ff are and Smith, 1990) constructed short peptide libraries and
targeted to the periplasmic compartment. This location is screened them for binding to a ligand of interest. Peptide
unfavorable for folding of many cytosolic proteins, particularly libraries can vary in the length of the peptides they display;
those carrying cysteines, because periplasmic chaperones furthermore, they can be constrained by formation of a

such as DsbA catalyze formation of S-S bonds, which do GLVXOSKLGH ERQG E\ LQFOXGLQJ WZR ADQNL
QRW H[LVW LQ WKH F\WRSODVP DQG FRQMHTFAHBWODGBURSHU § REHDDQVLIXO H[DPSOH

of the protein is prevented (Bardwell et al., 1991). As the library screen is isolation of a random peptide agonist

C terminus of plll is in the cytoplasm, a vector has been analogous to erythropoietin, a polypeptide hormone

constructed for the plll C-terminal display of cytosolic that stimulates erythrocyte proliferation (Wrighton et al.,

proteins (Fuh and Sidhu, 2000). Another approach to avoid $ PXOWLYDOHQW GLVSOD\ OLQHDU SHSV
misfolding of cytosolic proteins in the periplasm is to replace XVHG WR LVRODWH ORZ DI¢{¢QLW\N ELQGLQJ S
the standard signal sequence with a Tat signal sequence. the consensus derived from this library, a new library of

The Tat signal sequence allows translocation of folded constrained peptides randomized at some of the residues
SURWHLQ GRPDLQV WKURXJK WKH LQ Q bk dhsPuetsd)dsplayet-aOobe60y (er Mitiin, and used

DO 7 DQG SKDJH ZKLFK DVVHPWRH HQH¥FMHDFKWRK BO; QLW SHSWLGH

and therefore eliminate the problem of protein misfolding Peptide display has been taken to a new level by

associated with Ff display, are also used as vectors for the applications in cell and tissue targeting as well as receptor-

cDNA libraries. Proteins that bind to DNA or RNA sequences mediated gene delivery. This was achieved by in situ

RI LQWHUHVW RU WR FKURPDWLQ ZH U Bcrée@ingQ¥\phage Gisfdy Yeptide Hogatied hgdinst cells
DQG SKDJH GLVSOD\ F'1$ OLEUDULHV DQGFWKNVYIXHWWROLVRODWH VSHFL¢F FHOO RI

Danner and Belasco, 2001; Wang et al., 2004). (Pasqualini and Ruoslahti, 1996). The tissue-binding

peptides were isolated by injecting mice with the libraries
Phage display of bacterial proteins DQG UHFRYHULQJ WKH SKDJH IURP VSHFL¢F
Phage display bacterial genomic shot-gun libraries have RU IURP KXPDQ EUHDVW FDQFHU WLVVXH [HC
been used to identify bacterial proteins that bind to targets mice. Such peptides were able to target the transplanted
RI LOWHUHVW )RU H[DPSOH WKLV DS SturRob foKd&sbuction\bii GisigRhe. @epti@ed. the cancer
and map cell-surface-associated agglutinin, RapA, from the GUXJ GR[RUXELFLQ ,Q DGGLWLRQ WR WXP
Rhizobium leguminosarum genome (Ausmees et al., 2001). SHSWLGH OLJDQGYVY WKDW VSHFL,{FDOO\ ELQ
Recently, a Borrelia burgdorferi shot-gun phage display particular organs such as prostate or kidney have been
genomic library was used to screen for potential adhesins isolated (Arap et al., 1998). These peptides can be used
in the animal (in vivo UHVXOWLQJ LQ GLVFRYHIRUR WEKW UDFHHXW LFF i BEXUSRVHV |IRU H[DPSOH
new adhesion proteins (Antonara et al., 2007). Single-gene cytokines or other drugs to concentrate them at the target
SKDJH GLVSOD\ OLEUDULHV ZHUH XWLOALJMGEXWR7KLS BWELNWBDHF/ILERY WR UHOLHYH
binding motif of the protein FNZ of Streptococcus equi, the RU LQFUHDVH WKH HI{(FLHQF\ RI GHOLYHU\ W
,J* DQG JO\FRSURWHLQ , ELQGLQJ GHh&ge lfdD WispgRaly & Wi Wiffeke@t Befptides on the same
of Staphylococcus aureus and many others (Lindmark et SDUWLFOH KDV EHHQ DGDSWHG IRU RUJDC
al.,, 1996; Zhang et al., 1999). Recently, two methods for WLVVXH VSHFL{¢F SHSWLGH ZDV GLVSOD\HG L
the selective display of bacterial surface and secreted the tip of the phage) while an avidin-binding peptide was
proteins have been designed and used to systematically GLVSOD\HG DV D IXVLRQ WR S9,,, LQ F
characterize this group of bacterial proteins. In both, the SKDJH ¢ ODPHQW DOORZLQJ YLVXDOL]J]DWLRQ
phagemid vector encodes the C-terminal domain of plil, WKH VSHFL¢F OLJDQG YLD LWV WHUPLQDOO\
but not for the signal sequence. Thus, only the inserts that et al., 2004).
encode signal sequence-carrying proteins in frame with To adapt Ff phage for use in receptor-mediated gene
plll are incorporated into the virion. Furthermore, in the GHOLYHU\ OLEUDULHV ZHUH VFUHHQHG WR
absence of plll from the helper phage (if a "~ J H Q Hhelper internalization-mediating peptides (Burg et al., 2004;
phage is used), termination of phage assembly and virion Larocca et al., 2002). The selected peptides were not only
release depends on the presence of a signal sequence- used for gene delivery, but also for marking or tracking the
containing insert fused in frame to plll of the cloning vector. WDUJHW FHOOV E\ H[SUHVVLRQ RI SKDJHPL(

$1:6Q0LWN VFUHHQLQJ IRU D YHFWRU HQ pRBiktBatSvas,inipoktdd @Gtothe thrgeDo@liucleus along
et al., 2003) or direct selection for virion release (Jankovic with the internalized phage. Finally, high density phage



display can be used to create diagnostic or tracking devices
for biological threat agents, such as spores of the pathogen
Bacillus anthracis (Williams et al., 2003).

Bacteriophage as templates for inorganic nanostructures

Over the last decade, a few research groups resorted to
combinatorial libraries of peptides displayed on Ff phage
WR YDVWO\ HIWHQG WKH W\SHV RI
be templated by viruses, including bacteriophages. By
screening phage or cell surface display libraries, peptides
that bind metals (Au, Pt, Pd, Ag) semiconductor materials
(GaAs, ZnS, CdS), paramagnetic materials (FePt, CoPt),
electrode materials (e.g. Coz04, FEPOy; (Lee et al., 2009),
catalysts (Neltner et al., 2010), SiO,, Zeolites, CaCOs,
carbon nanotubes and many others have been isolated
(reviewed in Flynn et al., 2003; Kriplani and Kay, 2005;
Petrenko, 2008; Sarikaya et al., 2003). Filamentous phage
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WKHVH OLTXLG FU\WWWDO VWUXFWXUHV IRU
which phage retain their infectivity for up to seven months
(Lee et al., 2002).

7KH OLTXLG FU\WWWDOOLQH QDWXUH RI )
IRU IRUPLQJ ¢EHUV E\ ZHW VSLQQLQJ RU H
VSLQQLQJ LV DFKLHYHG E\ H{WUXGLQJ )I Ol
ZLWK VROXEOH SRO\PHU SRO\YLQ\O S\UROL

L Q RRDIDL@LOFD PD WK B HDROV WK DWWAD Q JOXWDUDO

FURVV OLQNV WKH 393 DQG )l ¢EHUV 'HSHQG
GLVSOD\HG RQ )I WKHVH ¢(EHUV FDQ EH XV
and tissue engineering or as templates for synthesis of
HOHFWURQLF RU RSWLFDO PDWHULDOV ORU
by electrospinning can be used for nanofabrication or
nanolithography (Lee and Belcher, 2004).

Nanowires and nanorings
High-density displayed nanocrystal-nucleating peptides

not only allowed library screening to isolate inorganic
material-binding peptides, but also served as a template
for assembly of the nanometer scale structures (Mao et al.,
2004).

DORQJ WKH ¢ODPHQW RI )I KDYH EHHQ XVHG
DQG WHPSODWHV IRU QDQRWXEH DVVHPE
H[SRVXUH RI SKDJH GLVSOD\LQJ =Q6 QDQRF
peptides to the ZnS solution at 0;C resulted in formation

Rl D WXEH RI QDQRFU\WVWDOV ZUDSSLQJ WK
Organic-inorganic liquid crystal nanostructures Fast Fourier transformation showed that most of the

The tendency of Ff phage to align and form liquid crystalline nanocrystals assumed the same orientation relative to the

VKHHWY KDV EHHQ H[SORLWHG WR XWLQOHPW®&WP DNMRE XMO ®IOQJ EORFNMWWKHUPRUH
LQ DVVHPEO\ RI WKUHH GLPHQVLRQDO WPR/\8HBSKNM G &/ SHOPLV, FLVIMKL VIRU =Q6 DQG
application, the Ff particles displaying peptides that bind FU\VWDOV DORQJ WKH (¢ODPHQW IRUPHG QTC
inorganic molecules at the plll end of the virion were highly both semiconductors (Mao et al., 2004).

FRQFHQWUDWHG DQG H[SRVHG WR D P DJQMNibwies, Ebt@sed kot Filkis Rabid. iHapgahié crystal

WKH SDUWLFOHV GXH WR WKH GLDP D JQ thkte FragdformH iotoVinoryeniR has@vjres ByDakhdling,

coat protein subunits. This results in formation of liquid essentially heating to 350;C to eliminate the organic
FU\WWDOOLQH OD\HUV RI DOLJQHG Y LcorfipOneptO BésH @rpdiantlyQ thieH bueiSating Vpe@ides

with the inorganic layers composed of the nanocrystals which prevent nanocrystals from fusing into a single-crystal

nucleated at the peptides displayed at the tips. When dried, nanowire. The resulting nanowires were 475-650 nm long,

w
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Figure 7. Phage-templated electrode. A. Aschematic presentation of the multifunctional M13 virus with genetically engineered
SURWHLQV 7KH S9,,, LV PRGL{HG WR YRURBWK 3 WHPSBOQWHHRHWBGMNER KDYH D ELQ!
B. A schematic diagram for fabricating genetically engineered high-power lithium-ion battery cathodes using multifunctional
YLUXVHV S9,,,S,,, VIVWHP DQG D SKRWRJUDSK RI WKH EDWWHU\ XVHG WR SRZHU
DWWDFKPHQW WR FRQGXFWLQJ 6:17 QHWZRUNV PDNH HI¢FLHQW HOHFWULFDO QDQ
high power performance. These hybrid materials were assembled as a positive electrode in a lithium-ion battery using lithium

PHWDO IRLO DV D QHIJDWLYH HOHFWURGH WR SRZHU D JUHHQ /('2 $He\®Q18 Eoif DWKRGH
Cell used, which is 2 cm in diameter and 1.6 mm thick (From Lee et al., 2009, reprinted with permission from AAAS).
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with the diameter of 20 nm, retaining the same crystal References
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same method was applied to the assembly of ferromagnetic %RUUHOLD EXUJGRUIHUL DGKHVLQV L
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