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Abstract

Biogenesis of both filamentous phage and type-IV pili involves the assembly of many copies of a small, integral inner membrane
protein (the phage major coat protein or pilin) into a helical, tubular array that passes through the outer membrane. The
occurrence of related proteins required for assembly and export in both systems suggests that there may be similarities at the
mechanistic level as well. This report summarizes the properties of filamentous phage and the proteins required for their assembly,
with particular emphasis on features they may share with bacterial protein export and pilus biogenesis systems, and it presents
evidence that supports the hypothesis that one of the phage proteins functions as an outer membrane export channel.
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1. Introduction

The filamentous phage constitute a large family of
bacterial viruses that infect a variety of Gram-negative
bacteria, using pili as receptors. The best characterized
are the very similar phages M13, fd and f1, that infect
Escherichia coli (Ec) via F pili and, to a lesser extent,

IKe, which uses N or P pili. The phage particles are

rods about 65 A in diameter and 9000 A in length, and
they contain a circular ss DNA which is extended along
the particle axis with an imperfectly base-paired segment
that constitutes the packaging signal at one end. The
particle is a tube formed by many copies of the major
coat protein, with a few copies each of several minor
coat proteins located at the ends. The packaging signal
end, which is first to emerge from the cell (Webster
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et al., 1981), contains two proteins (pVII, pIX) neces-
sary for efficient particle assembly, while the other end
contains two proteins (pVI, pIll) required for particle
stability and phage infectivity. pIIl mediates phage
attachment to pili and is also necessary for virus uncoat-
ing and penetration of phage DNA into the host cell
cytoplasm, a process that requires the action of the host
TolQ, R and A proteins (Levengood and Webster, 1989;
Sun and Webster, 1987, Webster, 1991).

Upon entry into the cytoplasm, host enzymes convert
the phage ssDNA to a super-coiled ds form which is
the template for rolling-circle replication and for phage
gene expression (reviewed in Model and Russel, 1988).
Replication is mediated by pll, the phage-encoded site-
specific nicking enzyme and host enzymes. Initially,
newly synthesized ss are converted to ds form. However,
when pV, the phage-encoded ssDNA-binding protein,
reaches a sufficient concentration, it binds the ssDNA,
thereby sequestering them from the replication proteins.
pV forms a dimer in solution at physiological salt
concentrations (Bulsink et al., 1988). Thus when it
covers the ssDNA it collapses the circular DNA into a
flexible rod, leaving the packaging signal exposed at one
end (Bauer and Smith, 1988). This complex is the
substrate for particle assembly.

The phage genome encodes eleven proteins, of which
five are part of the virion, three are required for phage
DNA synthesis and three serve assembly functions
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(Model and Russel, 1988). Two of the proteins (pX and
pXI) are products of internal translational initiation
(within gene IT and gene I, respectively); the smaller
proteins, which encompass the C-terminal third of the
larger proteins, are required in their own right for
efficient particle production (Fulford and Model, 1984;
Rapoza and Webster, 1995). An intergenic region that
does not code for proteins contains the signals for
initiation of synthesis of both the (+) and (—) strands
of DNA, for termination of RNA synthesis and the
packaging signal.

Filamentous phages do not kill their host, and infected
cells continue to grow and divide indefinitely while
producing phage. Phage particles do not form in the
cytoplasm; rather they are continually extruded or
secreted across the bacterial membranes as they are
assembled, without causing cell lysis. These properties —
and their filamentous morphology — distinguish them
from most other bacterial viruses which are icosahedral
in shape, accumulate in the cell cytoplasm and accom-
plish their release from the host cell by lysing it. A
consequence of this life style is that all steps subsequent
to the formation of the pV-ssDNA complex occur at or
in a membrane. All five structural proteins of the virus
particle are anchored in the inner membrane prior to
their incorporation into phage particles (Endemann and
Model, 1995; Ohkawa and Webster, 1981), as are the
phage-encoded morphogenetic proteins pl, pXI and pIV.
Similarities between these morphogenetic proteins and
certain bacterial proteins (d’Enfert et al., 1989, and see
below) — and potential mechanistic similarities between
filamentous phage assembly, type-IV pilus biogenesis
and specialized forms of extracellular protein secretion
in bacteria (Russel, 1994b) — account for inclusion of
this work in this volume.

1.1. Relationship to bacterial export pathways

Although most proteins that are translocated across
the inner membrane of Gram™ bacteria remain in the
aqueous compartment between the inner and outer
membrane, the periplasm, many bacteria are capable of
exporting certain proteins to the external milieu, as they
do filamentous phage. Multiple genes, thought to encode
a multiprotein export apparatus, are required for this
process (reviewed in Hobbs and Mattick, 1993; Pugsley,
1993; Van Gijsegem et al., 1993). In the first pathway
to be discovered, the pullulanase export pathway of
Klebsiella oxytoca (Ko), approx. 14 proteins are required
for the externalization of a single enzyme (Pugsley,
1993). Homologous systems (called type II) found in
other species export different proteins or mediate assem-
bly of type-IV pili. The exported proteins use the stan-
dard sec system for translocation across the inner
membrane and must fold correctly to be translocated to
the external milieu (Hardie et al., 1995; Pugsley, 1992;

Py et al,, 1993). An equally complex secretion system
(called type IIT) translocates at least some proteins
directly from the bacterial cytoplasm to the cytoplasm
of a eukaryotic cytoplasm (Rosqvist et al., 1994, 1995;
Sory and Cornelis, 1994). The proteins that constitute
the type-III secretion system are unrelated to the type-II
system, with two exceptions: both include a protein with
a nucleotide-binding motif, and both require a protein
homologous to filamentous phage pIV (Fig. 1). This
suggests that the pIV homolog plays a key role that is
common to both. As the only integral outer membrane
components, the pIV homologs are good candidates for
mediating passage of exported proteins across the outer
membrane (Pugsley, 1993; Russel, 1991).

1.2. Proteins required for filamentous phage assembly

Thioredoxin is the only host protein known to be
required for filamentous phage assembly. Although
known as a potent reductant of disulfide bonds in
proteins (Lim et al., 1985; Russel and Model, 1985), its
redox activity is not necessary for phage assembly. Some
trxA mutants defective in assembly retain full redox
activity, while others lack redox activity yet remain
competent for phage assembly (Russel and Model,
1986). The DNA polymerase of phage T7 contains
thioredoxin, which functions as a processivity factor
(Tabor et al., 1987). Thioredoxin may function similarly
in the iterative process of filamentous phage assembly —
removing pV from the DNA and/or replacing it by coat
protein(s) to promote elongation of the particle (Huber
et al., 1986). It remains to be seen whether additional
host proteins participate in phage assembly; of particular
interest are GenBank sequences from the Ec chromo-
some that bear striking similarity to type-II export and
pilus biogenesis genes (including swo gene I homologs).

The phage-encoded proteins pl, pXI and pIV are
required for phage assembly but are not present in the
virus particle nor involved in phage DNA synthesis or
gene expression (Russel, 1991). pI spans the inner
membrane once, leaving an N-terminal domain of
approx. 250 aa in the cytoplasm and a C-terminal
domain of 75 aa in the periplasm; pXI retains approx.
10 aa of the cytoplasmic domain, which may form an
amphipathic helix, plus the membrane spanning and
periplasmic domains of pI (Guy-Caffey et al., 1992;
Rapoza and Webster, 1995). The individual roles of pl
and pXI have not yet been dissected. Genetic analysis
suggests that pI acts to initiate assembly by recognizing
the packaging signal in phage DNA (Russel and Model,
1989), to bind thioredoxin (Russel and Model, 1983,
1985) and to interact with the major phage coat protein,
possibly to promote its incorporation into nascent phage
(Russel, 1993). In addition, pI and/or pXI interact with
pIV (Russel, 1993). pI/pXI have also been implicated
in the formation of phage-specific adhesion zones,
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Fig. 1. Diversity of type-II and type-III export pathways. Upper left (stippled segments): type-III genes are organized similarly in different animal
and plant pathogens. Lower left (shaded): the type-II genes in some species are clustered in a single operon, and in others they are dispersed
(indicated by gaps). Xc contains a type-II and a type-III system; Pa contains two type-II systems. Genetic competence in Hi appears to be distinct
from both the type-II and type-III systems. Export substrates (right): The nature and number of proteins exported varies widely, from a single
protein (e.g., pilin, the structural protein of type-IV pili) to >11 (e.g., Yop, Ipa proteins). The genes (shown by enlarged letters) with homology
to gene IV are indicated by black bars. The functions of the other export genes, largely unknown, are described in other parts of this volume.

regions in which the inner and outer membranes of
E. coli are in close contact (Lopez and Webster, 1985).
These contact sites, visualized by electron microscopy,
may reflect the existence of special assembly sites or exit
complexes necessary for phage assembly and extrusion.
pl contains a nucleotide-binding motif located in the
cytoplasmic domain that is conserved amongst divergent
filamentous phages (Russel, 1991). The role of this
motif has not yet been determined, but mutation of
either of two consensus aa in the motif in f1 gene I
abolishes pl function (J.-N. Feng, P. Model and M.R.,
unpublished). When expressed at even moderate levels
from a plasmid, pl kills the host; membrane potential
is lost and protein synthesis ceases before appreciable
pl is synthesized (Horabin and Webster, 1988).

plV is an outer membrane protein, although its beha-
vior in cell fractionation is somewhat problematic
(Russel and Kazmierczak, 1993). Following cleavage of
its signal sequence and translocation across the inner
membrane, the 43-kDa mature protein is transiently
soluble in the periplasm, then integrates into the
membrane (Brissette and Russel, 1990). Like outer
membrane porins (Sen and Nikaido, 1990), it is secreted
when synthesized in spheroplasts, which lack an outer
membrane (Russel and Kazmierczak, 1993). Like
outer membrane proteins of known structure (Cowan
et al., 1992), its C-terminal half is predicted to consist

of many short segments of f-sheet. Deletion analysis
indicates that this portion of pIV mediates membrane
integration (Russel and Kazmierczak, 1993).

An alignment of filamentous phage pIVs, type-II and
type-III homologs was generated by the MACAW pro-
gram (Schuler et al., 1991) (Fig.2). Although some
subsets of these proteins are homologous along their
entire length (not shown), a 60-aa block near their C
termini is common to all, with shorter blocks scattered
over an approx. 200-aa region. The similarities consist
largely of short patches (3—4 aa) of hydrophobic aa and
conserved Gly and Pro, which suggests structural conser-
vation. Porins consist of many short B-sheet strands
that lie perpendicular to the plane of the outer mem-
brane, with 3—4 hydrophobic aa in each strand forming
the ‘belt’ that interacts with the membrane (Cowan
et al., 1992). pIV and the homologs — indeed all outer
membrane proteins — may be anchored similarly.

With the exception of the relatively small Haemophilus
influenzae (Hi) homolog (required for DNA uptake),
size differences between the bacterial proteins
(70-80 kDa) and plVs (3544 kDa) reflect N-terminal
length differences. Interestingly, pIV from the Ec phage
f1 is more similar to the Ko homolog PulD (31.8%
identity over 217 aa) than it is to pIV from the
Pseudomonas aeruginosa (Pa) phage pf3 (25.3% identity
over 175 aa). Furthermore, although the gene order is
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Fig. 2. Multiple alignment of filamentous phage pIV protein and bacterial proteins. Sequences were obtained from GenBank using f1 pIV as a
query sequence. Those from other filamentous phage, those known to be required for extracellular secretion, biogenesis of type-IV pili, or genetic
competence were aligned using the MACAW program (Schuler et al., 1991). Wide bars indicate homologous regions, narrow bars indicate

non-conserved regions and spaces indicate gaps in the alignment.

largely preserved between f1 and pf3, their gene IVs are
located in different positions (Fig. 3). This suggests that
filamentous phages may have obtained their gene IVs
from an ancestral bacterial host on separate occasions.

2. Results and discussion
2.1. Extreme stability of the pIV multimer

At least some bacterial homologs share certain struc-
tural and functional properties with pIV suggesting that

this family of proteins may play a common role in
distinct export pathways. Like pIV, some type-II homo-

II

logs (Akrim et al., 1993; Possot et al., 1992; Russel and
Kazmierczak, 1993) and a type-I1I homolog (Wengelnik
et al., 1996) induce expression of the Ec psp operon
(Brissette et al., 1990, 1991), although the mechanism
by which they do so is unclear. When extracted from
membranes with non-ionic detergents and analyzed by
sedimentation or cross-linking, pIV can be detected as
a homo-multimer composed of ten to twelve monomers
(Kazmierczak et al., 1994). When synthesized in the
same cell as pIV, several type-II bacterial homologs
form mixed multimers with f1 pIV, suggesting that they
also normally exist as homo-multimers (Kazmierczak
et al, 1994). Multimeric forms of two homologs
analyzed by size chromatography are consistent with a

78(V) 38 4a(vin
71 1 13

e

278
83 (III)

—430(1V)

Fig. 3. Comparison of the gene order of divergent filamentous phage. Genes of Ec filamentous phage f1 (Hill and Petersen, 1982) and deduced
open reading frames of Pa filamentous phage pf3 (Luiten et al., 1985) are shown. With two exceptions noted below, these phages have no detectable
aa sequence similarity. Putterman et al. (1984) identified the major coat protein (Orf44, pVIII) and ssDNA-binding protein (Orf78, pV) of pf3,
and Luiten et al. (1985) suggest that Orf483 is equivalent to pIII. Our identification of orf430 as gene IV is based on homology at its 3’ end
(approx. 200-codon span) to gene IV of other phage; identification of orf301 as a gene I counterpart is based on the presence of a nucleotide-
binding motif (Walker et al., 1982) at its 5" end, a feature conserved amongst gene Is of the Ec filamentous phages.
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twelve-subunit complex (Chen et al., 1996; Newhall
etal., 1980). Recently, a more unusual means of diagnos-
ing multimers has been reported; several of these pro-
teins, including pIV (Linderoth et al., 1996), type-II
(Drake and Koomey, 1995; Hardie et al., 1996) and
type-III (Plano and Straley, 1995) homologs fail to
migrate at their expected monomer position in denatur-
ing (SDS-containing) polyacrylamide gels. Instead, they
collect in the well or the stacking gel. This material is
not due to aggregation, and its formation requires export
from the cytoplasm (Hardie et al., 1996; Linderoth
et al., 1996). Extreme treatments (heating to 100°C in
4% SDS, treatment with phenol, or reduction and alkyla-
tion) are necessary to dissociate it to the monomer
species. Although most wt pIV remains multimeric (i.e.,
in the stacking gel) after heating to 100°C in protein
sample buffer (which contains 4% SDS), pIV with a
single aa substitution (P375A) is predominately mono-
meric and at lower temperatures also migrates as an
approx. 90-kDa dimeric species (Fig. 4). Perhaps dimers
are a normal intermediate in the assembly pathway of
pIV and its homologs. The P37° in pIV is within the
60-aa homology block (see above) and is one of two aa
conserved in every homolog identified to date.
P*”>-mutant pIV was previously shown to be non-
functional in phage assembly and defective in multimeri-
zation by its inability to be cross-linked (Russel, 1994a).
A different, fully functional mutation (S3181) rendered
the protein totally resistant to dissociation under all
conditions tested (Linderoth et al., 1996).

4 22 37 65100 4 22 37 65100 OC

’ T
- 97
— 66
_> : S . — 46

plv- pIV-P375A

Fig. 4. Stability of wt and P375A mutant pIV multimers to dissoci-
ation. The large arrow indicates the boundary between the stacking
and running gels; the small arrow indicates the position of pIV mon-
omer. Molecular weight standards (in kDa) are shown on the right
margin. Methods: Total membranes prepared by osmotic shock of lyso-
zyme-treated (Russel and Kazmierczak, 1993) K38 (HfrC) cells
infected by R643 (pIV™) or R616 (P375A plIV) were solubilized in
protein gel sample buffer (4% SDS/20% glycerol/10% B-mercapto-
ethanol/125 mM Tris - HCI, pH 6.8) and heated at the indicated tem-
peratures for 5 min. Following electrophoresis, proteins were transfer-
red to a nitrocellulose membrane, probed with polyclonal anti-pIV
serum, and detected using enhanced chemiluminescence.

2.2. Size prediction of a putative export channel

The outer membrane location, multimeric nature and
critical role in the export of large macromolecules of
members of this protein family suggest that they may
form a channel through which proteins or filamentous
phage exit the cell. The channels formed by trimeric
porins, the only outer membrane proteins whose struc-
tures have been determined (Cowan et al., 1992), are
too small to permit egress of folded proteins or phage.
Because proteins with channel diameters sufficient to
accommodate phage or large, folded proteins have not
been described and because no structural information
about pIV or its homologs is available, an attempt has
been made to determine whether a pIV multimer could
form a channel of the requisite size.

Fig. 5a shows the combined range of minimal and
maximal dimensions (in A) of a set of unrelated proteins
from the Brookhaven Protein Structure Database as a
function of their length. The pIV monomer is 405 aa
long, but only the C-terminal half is involved in mem-
brane association and multimerization. Thus boundary
values for a protein of approx. 220 aa were used (32 A,
minimal; 75 A, maximal ). Two arrangements of subunits
were considered, one in which monomers contact one
another at their smallest dimension, thereby minimizing
the channel diameter (shown in Fig. 5b for a 12-mer),
and another where contact via the largest dimension
maximizes the channel diameter (Fig. 5¢). Then channel
diameters were calculated using either 32 A subunits
arrayed to minimize the diameter (minimal estimate) or
75 A subunits arranged to maximize the diameter (maxi-
mal estimate). The minimal and maximal channel diame-
ters are plotted as a function of the number of subunits
in the multimer (Fig. 5d). This analysis suggests that
even if only ten subunits contact one another along their
smallest dimension, they could generate a channel large
enough for filamentous phage to pass through.

The estimate of pIV size could have used only the
dimensions of proteins with a secondary structure
content thought to resemble that of the pIV monomer,
although this would have involved making an additional
assumption. This more restricted subset of proteins
would only have increased the estimate of the minimal
subunit diameter and thus increased the estimate of the
minimal pore diameter.

2.3. pIV mutants that make E. coli sensitive to
vancomycin

The pIV oligomer may function as an exit channel
(Kazmierczak et al., 1994), but several observations
suggest that its role must be more complex. First, pIV
from the filamentous phages f1 and IKe cannot substi-
tute for one another (Russel, 1992), despite the fact
that their particles have indistinguishable diameters and
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Fig. 5. Modeling the putative pIV channel. (a) Minimal and maximal dimensions of protein 3D structures as a function of their chain length. A
representative set of 594 unrelated or weakly related proteins (Sali et al., 1995) was obtained from the December 1994 release of the Brookhaven
Protein Databank (Abola et al., 1987). The maximal and minimal dimensions were defined as the maximal inter-atomic distances along the longest
and shortest inertia axes, respectively. Each protein contributes two points to this plot, corresponding to the minimal and maximal dimensions.
The two lines indicate a likely range of protein dimensions as a function of chain length. (b) The minimal and maximal diameters of a centro-
symmetric pore as a function of the number of identical subunits forming the pore. In this calculation and in panels ¢ and d, the assumed minimal
and maximal diameters of the subunits were 32 and 75 A, respectively (from panel a). These minimal and maximal dimensions were used because
the smallest (c) and largest pores (d) are formed by subunits that are most elongated. The two arrows correspond to the two cases illustrated in
panels ¢ and d. (¢) The smallest pore consisting of twelve identical maximally elongated subunits. (d) The largest pore consisting of twelve identical

maximally elongated subunits.

symmetry properties (Makowski, 1983). Second, in the
absence of pIV, not even cell-associated (i.e., periplas-
mic) particles can be detected (unpublished results). In
addition, a passive hole in the outer membrane large
enough to permit passage of the phage (65 A in diame-
ter) would almost certainly render Ec sensitive to com-
pounds too large or too hydrophobic to cross the outer
membrane, and expression of wt pIV does not. For

example, the FepA protein forms a gated channel in the
outer membrane; synthesis of a mutant FepA (channel
diameter approx. 20 A) that lacks the gating loop (but
not wt FepA) makes Ec highly sensitive to detergents
and other normally impermeant compounds (Liu et al.,
1993). Thus if the pIV multimer is an exit channel, its
opening must be regulated. Interestingly, expression of
plasmid-borne gene IV with point mutations affecting
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Gly**®, an aa conserved in all known bacterial homologs,
does make Ec sensitive to vancomycin and deoxycholate
(Russel, 1994a). Expression of wt pIV does not have
this effect. Vancomycin is too large (1449 Da) to penet-
rate through porin channels (which can accommodate
molecules up to approx. 650 A) and too hydrophilic to
diffuse through the outer membrane of normal cells.
Perhaps it enters through pIV channels defective in the
gating function.

The Gly**® mutants are completely non-functional for
phage assembly, but more recently isolated mutations
at four additional sites in gene IV retain the ability to
assemble phage (Table 1). In addition to rendering cells
vancomycin- and DOC-sensitive, production of some
mutant proteins (from a plasmid that also specifies
B-lactamase) prevents colony formation on plates con-
taining 100 pg Ap/ml; addition of 20% sucrose to the
plates or reduction of the Ap concentration eliminates
this effect (not shown). These phenotypes suggest a
‘leaky’ outer membrane and are consistent with the
possibility of a defective pIV gate. Mutants at two
positions (N?%%, S324) lie in a poorly conserved region
of pIV; the others (N335 G3¢7) are within the 60-aa
conserved block. Most homologs contain Asn (N) at

the position equivalent to N*3% in pIV, while positively
charged aa predominate at the position equivalent to
G367.

Although pIV from f1 and IKe are not functionally
interchangeable, when both pl and pIV are exchanged,
some heterologous phage are assembled (Russel, 1993).
The region of lowest similarity between f1 pIV and IKe
plV is located within the periplasmic portion of these
proteins, which forms a distinct, protease-resistant
domain (Brissette and Russel, 1990). Furthermore, a
mutation in the periplasmic region of pl compensates
for a mutation in the periplasmic domain of pIV (Russel,
1993). These observations suggest that pl and pIV
interact in the periplasm to promote assembly. This, in
turn, suggests a possible mechanism for coupling open-
ing of the putative pIV channel to initiation of phage
assembly; binding of the packaging signal (the hairpin
that protrudes from the ss DNA-pV complex) to the
cytoplasmic domain of pl could cause a conformational
change in the periplasmic domain of pl that would
enable it to interact with and open the pIV channel
(Kazmierczak et al., 1994), as diagramed in Fig. 6. A
similar idea has been proposed for the bacterial export
systems (Sandkvist et al., 1995). Although there is no

Table 1
Some properties of DOCS gene IV mutants®

IV function® eoc Radius of vancomycin inhibition (mm)®
on Ap° on DOC! 3 pg Vmy/disc 30 pg Vm/disc
38/30°C 38/30°C

no pIv — 1.1 0.9 0 1.5
pIV wt + 1.0 0.9 0 1.5
N295S + ~1073 <107 5 6
N2951 + ~1073 <107* 6 8
S324G + ~1073 <1074 4 6
S324C + 1.0 1073 4 7
S324R + ~1073 <1074 4 6
N335S + (sm) ~1073 <10~* 4 5
N335 + (v. sm) 1073 <1074 5 6
G367S + 0.6 0.01 0 5
G367C + 0.6 <107 0 2

*E. coli cells (A527, F* (AcI857)) containing a mutagenized population of gene IV were originally isolated by cloning (into the phage A p;
expression vector pPMR60) gene IV that had been amplified under conditions that enhance the error rate. Transformants were screened for
sensitivity to DOC. Nucleotide sequence analysis of gene IV from twelve sensitive isolates (of 135 screened) showed that each had incurred several
different mutations, but that some isolates shared the same mutation (shown in bold); clones containing a single mutation (those that had arisen
twice) were constructed in a wt gene 7V background by mutagenesis with oligodeoxynucleotides that had a degeneracy at a single position (so
that more than a single allele could be obtained). Each single mutant retained the DOC sensitivity of the multiply mutant parental gene
IV-containing strain.

®Dilutions of R484 phage (deleted for gene I¥) were spotted onto 30°C overnight lawns of A527 cells containing the vector (pPMR60, ApR), its
derivative pPMR112 (gene IV * under control of the phage A p; promoter), or pPMR 112 with the indicated single mutations in gene IV, and the
plates were incubated overnight at 38°C. +, eop approx. 1; —, eop <1075 sm, small plaques; v. sm, very small plaques.

“Culture dilutions were plated on LB plates with no additions or containing 100 pg Ap/ml, and incubated overnight at 30°C or 38°C. Little, if
any, pIV is produced at 30°C, and at 38°C the pIV level is approximately the same as that produced in f1-infected cells. The efficiency of colony
formation (eoc) at 38°C versus 30°C was approx. 1 on plates lacking Ap; the cells recovered from these colonies plated at close to unit efficiency
on Ap-containing plates at 30°C, indicating that the failure to form a colony at 38°C on Ap-containing plates was not due to plasmid loss.
dCulture dilutions were plated on plates containing 1% DOC and incubated overnight at 30°C or 38°C.

°Overnight cultures were plated, discs containing the indicated amount of vancomycin were added, and the plates were incubated overnight at 38°C.
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Fig. 6. Model of phage assembly through the exit complex. Binding of
the packaging signal, which protrudes from the ssDNA-pV complex,
may induce a conformational change in pl that enables its periplasmic
domain to bind to the periplasmic domain of the pIV multimer. This,
in turn, might stimulate opening of the pIV channel, providing a
specific conduit through which the assembling phage could be
extruded.

protein with extended sequence homology to pI/pXI in
these systems, there is a protein with a nucleotide-
binding motif (Hobbs and Mattick, 1993; Pugsley, 1993;
Van Gijsegem et al., 1993). These bacterial proteins lack
a membrane-spanning segment but are membrane-asso-
ciated. It has been shown in V¢ that the protein with
this motif is capable of autophosphorylation, and that
its membrane association is due to its interaction with
an integral inner membrane component (Sandkvist et al.,
1995). Thus, these two proteins together could play a
similar role to pl. No enzymatic activity has yet been
demonstrated for pI (J.-N. Feng and P. Model, unpub-
lished), but it is attractive to think that nucleotide
binding and hydrolysis facilitate removal of pV from
the DNA and/or addition of coat protein.

3. Conclusions

The ability of pIV multimers (and, implicitly, of a
pI/pXI complex) to actually form channels and the
ability of pl to interact with the packaging signal, with
thioredoxin and with pIV all remain to be tested directly.
The biochemistry of this system is rudimentary because
essentially all its components are membrane proteins
and thus difficult to work with. Nonetheless, the promise
that a deeper understanding of the mechanism of fila-
mentous phage assembly and export will be useful for
the investigation of assembly and export of proteins
that function as virulence factors in so many bacterial
species should be a spur to further work.
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