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ABSTRACT Escherichia coli and other Gram-negative and -positive bacteria employ
type IV secretion systems (T4SSs) to translocate DNA and protein substrates, generally
by contact-dependent mechanisms, to other cells. The T4SSs functionally encompass two
major subfamilies, the conjugation systems and the effector translocators. The conjugation
systems are responsible for interbacterial transfer of antibiotic resistance genes, virulence
determinants, and genes encoding other traits of potential benefit to the bacterial host.
The effector translocators are used by many Gram-negative pathogens for delivery of
potentially hundreds of virulence proteins termed effectors to eukaryotic cells during
infection. In E. coli and other species of Enterobacteriaceae, T4SSs identified to date
function exclusively in conjugative DNA transfer. In these species, the plasmid-encoded
systems can be classified as the P, F, and I types. The P-type systems are the simplest in
terms of subunit composition and architecture, and members of this subfamily share
features in common with the paradigmatic Agrobacterium tumefaciens VirB/VirD4 T4SS.
This review will summarize our current knowledge of the E. coli systems and the
A. tumefaciens P-type system, with emphasis on the structural diversity of the T4SSs.
Ancestral P-, F-, and I-type systems were adapted throughout evolution to yield the extant
effector translocators, and information about well-characterized effector translocators also
is included to further illustrate the adaptive and mosaic nature of these highly versatile
machines.

INTRODUCTION
Secretion of DNA and protein macromolecules across the Gram-negative
cell envelope requires elaboration of dedicated translocation systems and
the coupling in space and time of substrate recruitment, processing, and
translocation reactions. Translocation of substrates to another cell by con-
tact-dependent mechanisms adds more complexity through the requisite
establishment of productive cell-cell junctions. The type IV secretion sys-
tems (T4SSs) deliver various macromolecular substrates, including DNA
and monomeric and multimeric proteins, to a diversity of bacterial, fungal,
plant, and human cell types (1, 2). Some T4SSs also function as contact-
independent exporters or importers of substrates to or from the extracellular
milieu. This functional versatility makes the T4SSs unique among the known
bacterial translocation systems. In Escherichia coli, the known T4SSs are
restricted in their substrate repertoires to mobile genetic elements (MGEs),
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although these systems also are capable of translocating
certain proteins associated with the DNA transfer process.
Detailed investigations of conjugation machines have es-
tablished the importance of T4SSs over evolutionary time
in the shaping of bacterial genomes and, on a more im-
mediate time scale, for dissemination of virulence and
antibiotic resistance genes in clinical settings (3, 4). These
studies also have contributed greatly to our current un-
derstanding of T4SS machine architecture, mechanism of
action, and evolution (3, 5, 6, 7).

The T4SSs are functionally grouped as (i) conjuga-
tion systems, (ii) effector translocators, or (iii) contact-
independent DNA/protein exchange systems (1). The
conjugation systems are the largest subfamily, present in
nearly all bacterial species and some archaeal species (5).
These systems are specifically employed for dissemina-
tion of the mobile elements that encode them, and they
also can mediate transfer of some genetically unlinked,
non-self-transmissible mobile elements. The effector
translocators, so far shown to function only in Gram-
negative pathogens or symbionts, deliver effector pro-
teins to eukaryotic cells (8, 9, 10). The translocated
substrates disrupt host cell physiological processes, en-
abling bacterial colonization and spread. The contact-
independent exchange systems, consisting of only a few
members, function in release of DNA or protein sub-
strates to the milieu or, alternatively, uptake of exogenous
DNA (11, 12, 13).

In E. coli, several conjugation systems have been char-
acterized in detail (see Fig. 1). These systems elaborate
two surface structures, a cell-envelope-spanning translo-
cation channel and an extracellular pilus (6, 7). A clas-
sification scheme that will be used in this review groups
the E. coli conjugation systems by the type of conjugative
pilus produced. Accordingly, F-type systems elaborate
long, flexible pili that dynamically extend and retract (14,
15, 16). These pili support equally efficient mating in
liquid or solid surfaces. The P-type systems, by contrast,
elaborate short, rigid pili for which no evidence exists of
dynamic extension and retraction. Well-characterized
conjugation systems encoded by E. coli plasmids RP4,
R388, and pKM101, as well as the Agrobacterium tume-
faciens VirB/VirD4 system, are P-type systems (17). A
third group of plasmids represented by R64 and ColIb-P9
encode two types of pilus structures: a thick, rigid con-
jugative pilus and a long, flexible type IV pilus. Despite
their name, type IV pili are ancestrally unrelated to
conjugative pili produced by T4SSs and instead are

phylogenetically and functionally related to type II se-
cretion systems (T2SSs) (18). Nevertheless, type IV pili
do play a role in enhancing conjugative transfer of these
plasmids, especially in liquid media, by virtue of their
ability to extend and retract, reminiscent of F pili. The
T4SSs encoded by this group of plasmids are designated
as I type, and they have a number of physical and func-
tional features that distinguish them from the F- and
P-type systems (19, 20). A major aim of this review is to
summarize structure-function relationships of paradig-
matic F-, P-, and I-type conjugation systems of E. coli and
the VirB/VirD4 system of A. tumefaciens.

On the basis of detailed phylogenetic studies, it is pos-
tulated that the present-day effector translocators evolved
from P-, F-, and I-type conjugation systems (5). In gen-
eral, this process involved the appropriation by ancestral
conjugation systems of structural motifs from unknown
ancestries that enabled diversification of substrate reper-
toires and the capacity to deliver substrates to eukaryotic
host cells. A second goal of this review is to compare well-
characterized conjugation and effector translocator sys-
tems to shed light on this evolutionary process and to
illustrate the striking structural diversity and functional
versatility of this fascinating translocator superfamily.

OVERVIEW OF T4SS ARCHITECTURE
AND TRANSLOCATION PATHWAY
The paradigmatic A. tumefaciens VirB/VirD4 T4SS pro-
vides a unifying genetic nomenclature for a discussion
of the T4SSs (Fig. 1) (21). The T4SSs of Gram-negative
bacteria can be viewed as compilations of four distinct
proteins or subassemblies: (i) the VirD4 type IV coupling
protein (T4CP); (ii) the inner membrane complex (IMC)
composed of VirB4 ATPase, VirB11 ATPase (when
present), polytopic VirB3 and VirB6, and bitopic VirB8;
(iii) the outer membrane complex (OMC) composed of
outer membrane-associated VirB7 and VirB9, and a cell-
envelope-spanning subunit VirB10; (iv) the conjugative
pilus composed of VirB2 pilin, a proteolytic fragment of
the VirB1 transglycosylase (VirB1*) and the pilus-tip
protein VirB5 (Fig. 2A) (6, 7). The VirB/VirD4 T4SS and
related P-type systems in E. coli are among the simplest
T4SSs functioning in Gram-negative species in terms of
subunit composition and machine architecture. Other
P-type systems as well as the F- and I-type systems en-
code homologs or orthologs of most or all of the VirB
subunits, but also possess additional domains, subunits,
or protein subcomplexes that endow these systems with
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specialized functions and confer greater structural com-
plexity (9, 14, 22).

Two recent lines of investigation have shaped our current
view of T4SS architecture and the substrate translo-
cation pathway (Fig. 2). Although investigations com-
mencing in the 1940s established the importance of
so-called mating pair formation (Mpf) proteins for con-
jugative DNA transfer, it was not until the early 2000s
that the first definitive evidence was obtained that these
proteins assemble as a mating channel. By use of a ChIP-
based, formaldehyde (FA)-crosslinking assay termed
transfer DNA immunoprecipitation (TrIP), a translo-
cation pathway was described for the A. tumefaciens

transfer-DNA (T-DNA) substrate through the VirB/
VirD4 T4SS (23). With the TrIP assay, FA-cross-linkable
substrate contacts were detected with the VirD4 T4CP,
VirB11 ATPase, inner membrane proteins VirB6 and
VirB8, and periplasmic/outer membrane subunits VirB2
and VirB9 (Fig. 2B). These subunits were thus postulated
to constitute the cell-envelope-spanning “mating” chan-
nel. Other components of the T4SS that did not form FA
cross-links with the T-DNA substrates were proposed to
function as structural scaffolds or stabilizing elements for
the channel (23).

Second, structures of T4SS subunits or soluble domains
and of larger subassemblies have been solved by X-ray

Figure 1 Conservation of type IV secretion genes among P-, F-, and I-type T4SSs. (P type) The A. tumefaciens VirB/VirD4 reference system with
subunit enzymatic functions and associations with inner membrane complex (IMC), outer membrane complex (OMC), or pilus. PG Hydrolase,
peptidoglycan hydrolase; T4CP, type IV coupling protein. (F type) Genes related to the virB/virD4 genes are color coded. Genes encoding
functions required for F pilus/retraction are shaded in dark gray, and for mating pair stabilization (Mps) or surface exclusion in light gray (VirB6-
like TraG also functions in mating pair stabilization). Uppercase letters are tra genes, lowercase letters are trb genes. (I type) virB/virD4-like genes
are color coded. Genes unique to the I-type systems encoding inner membrane proteins are in beige; genes encoding subunits that functionally
interact with the DotL T4CP are in light-shaded purple. P- and I-type systems employ three ATPases related to VirD4, VirB4, and VirB11; F-type
systems employ only homologs of VirD4 and VirB4. Unless otherwise indicated, the systems shown are functional in E. coli.
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crystallography or electron microscopy. Most notably,
structures recently were presented for the OMC and
the IMC/OMC subassemblies of P-type systems encoded
by E. coli plasmids pKM101 and R388 (24, 25, 26). The
R388-encoded IMC/OMC subassembly is the largest
T4SS structure solved to date and is composed of homo-
logs of the A. tumefaciens VirB3 through VirB10 sub-
units, lacking only homologs of VirD4, VirB11, VirB1,
and VirB2 (26). This structure, here referred to as R388
T4SS3–10, is the current architectural blueprint for the
T4SSs (Fig. 2C) and is described in more detail below.

By integrating results of the in vivo TrIP and ultra-
structural studies, a current model for translocation of
substrates through a P-type T4SS postulates that sub-
strates first dock with the VirD4 T4CP and then are
transferred to VirB11 for further processing. All three
ATPases, VirD4, VirB11, and VirB4, then coordinate
substrate transfer across the inner membrane via a
channel composed minimally of VirB6 and VirB8. The
substrate is then delivered into a channel, composed of

VirB2 and VirB9, that is housed within the OMC for
translocation across the periplasm and outer membrane
(Fig. 2) (7, 23, 27). The following sections describe
this P-type translocation pathway and interesting struc-
tural or mechanistic variations among the F- and I-type
systems.

SUBSTRATES AND SUBSTRATE RECOGNITION
In the initiating steps of type IV secretion, DNA and
protein substrates are processed and recruited to cog-
nate T4SSs for translocation. The early DNA substrate-
processing reactions have been extensively reviewed
elsewhere (3, 28). In brief, these are conserved reactions
in most bacteria, carried out by proteins termed DNA
transfer and replication (Dtr) factors. Dtr proteins bind
specific origin-of-transfer (oriT) sequences associated
with mobile elements, resulting in formation of the cat-
alytically active relaxosome. One Dtr protein, the relax-
ase, cleaves the DNA strand destined for transfer (the
T strand) at the nic site through a DNA phosphodies-

Figure 2 Architecture of a prototypical P-type T4SS. The E. coli R388 T4SS3–10 structure (26), presented schematically using the A. tumefaciens
VirB/VirD4 reference nomenclature and as visualized by transmission electron microscopy. (A) The T4SS is composed of an extracellular pilus,
an outer membrane complex (OMC), and inner membrane complex (IMC), the VirD4-like T4CP (substrate receptor) and, for most systems, a
VirB11 ATPase. Substructures of the T4SS: The conjugative pilus was not part of the solved T4SS3–10 structure, but is postulated to associate with
the structure as depicted. In the A. tumefaciens VirB/VirD4 T4SS, the pilus is composed of a fragment of the VirB1 transglycosylase (VirB1*),
VirB2 pilin, and VirB5 tip protein (126, 138). The OMC is composed of the VirB7, VirB9, and VirB10 subunits in copy numbers listed in
parentheses (26). The VirB1 transglycosylase is required for pilus assembly but not for elaboration of the translocation channel. The IMC is
composed of the VirB5, VirB8, VirB6, VirB3, and VirB4 subunits with copy numbers listed in parentheses (26). Other ATPases, including VirD4
and VirB11, were not part of the solved T4SS3–10 structure, but are postulated to associate with the IMC as depicted. Color-coding of the subunits
matches that for the corresponding virB/virD4 genes in Fig. 1. (B) The A. tumefaciens subunits shown to form formaldehyde cross-links with the
T-DNA substrate during transfer through the VirB/VirD4 T4SS with the TrIP assay. Red arrows denote the proposed translocation pathway (23).
(C) The R3883–10 structure solved by transmission electron microscopy, reproduced with permission by reference 26. The OMC is postulated to
house the translocation channel that extends through the periplasm and across the outer membrane. The OMC is connected to the IMC by a
narrow stalk. Two hexamers of VirB4 extend into the cytoplasm and are postulated to establish contacts with the VirD4 T4CP and the VirB11
ATPase. (A and C) For both the schematic and solved T4SS3–10 structure, three possible routes of substrate translocation across the inner
membrane are depicted in red dashed lines. A single route is postulated, in a red dashed line, through the OMC for substrate passage to the cell
exterior (see text for details). IM, inner membrane; P, periplasm; OM, outer membrane.
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terase reaction that results in covalent linkage of a cata-
lytic Tyr residue with the 5′ end of the cleaved DNA.
Accessory Dtr factors play critical roles in guiding the
relaxase to the oriT sequence and facilitating the nicking
reaction on supercoiled DNA substrates. Upon nicking,
the relaxase serves to pilot the covalently associated
T strand through the conjugation or “mating” channel.
The early DNA-processing reactions are spatially posi-
tioned at or near the entrance to the conjugation channel,
specifically mediated by contacts formed between relax-
osome components and the VirD4-like T4CP (28, 29,
30). Accordingly, the T4CP functions as the receptor and
docking site for cognate DNA substrates. This receptor
activity, however, is not restricted to DNA substrates.
T4CPs are associated with nearly all effector translocator
systems, where they also function as receptors for protein
substrates (2, 31).

DNA Substrate Recognition Signals
The nature of DNA substrate-T4CP contacts is not yet
fully defined, but studies have identified motifs associated
with relaxases that are required for DNA transfer. These
motifs are postulated to specify the docking of DNA
substrates with cognate T4CPs and are designated as
translocation signals (TSs). Among the relaxases char-
acterized to date, two types of TSs have been identified.
The F plasmid-encoded TraI relaxase, for example, is a
large protein with relaxase and helicase domains in its
two halves. TSs termed TSA and TSB were mapped, re-
spectively, in the two halves of the protein (32). Both TSs
have a consensus sequence (G[E/D]R[L/M]R[V/F]T),
and a structure of the TSA region of TraI was solved
recently by X-ray crystallography (33). It consists of
three domains, each structurally similar to SF1B helicase
family domains. A putative T4CP interaction surface was
mapped to one of the helicase domains through muta-
tional analysis. Other relaxases, including R388-encoded
TrwC and RSF1010-encoded MobA, carry TSs similar to
those identified in TraI, suggestive of a common mode of
relaxase binding to cognate T4CPs (34, 35, 36).

Relaxases alternatively have C-terminal signals that can
contribute to DNA substrate-T4CP docking. In A. tume-
faciens, for example, the VirD2 relaxase carries such a TS,
which is composed of a high proportion of positively
charged residues. This motif is critical for the VirD2-
VirD4 T4CP interaction and for transfer of the T-DNA
substrate through the VirB/VirD4 T4SS to plant cells
(see below). Interestingly, the VirB/VirD4 T4SS also

translocates several protein substrates to plant cells, and
these substrates also carry C-terminal, positively charged
TSs (37, 38). Finally, relaxases can carry a combination of
internal and C-terminal TSs for docking with cognate
receptors. In some cases, such relaxases have been shown
to employ these signals to mediate transfer of DNA
substrates through distinct T4SSs. RSF1010 plasmids,
for example, are promiscuous in the sense that they can
translocate through many different T4SSs. RSF1010’s
MobA relaxase carries internal TSs required for RSF1010
transfer through P-type T4SSs in E. coli. However, the
relaxase also carries a C-terminal, positively charged TS
that promotes RSF1010 transfer through the A. tume-
faciensVirB/VirD4 T4SS (34, 36, 38). Similarly, the TrwC
relaxase employs internal TSs for substrate transfer
through the R388-encoded T4SS, and a C-terminal motif
for substrate passage through a Bartonella henselae VirB/
VirD4 T4SS (35).

Relaxases are only partly responsible for specifying the
docking of DNA substrates with cognate T4CPs. Other
Dtr accessory factors can confer substrate specificity, as
best documented for the F-type systems. For F plasmids,
substrate docking relies on the formation of highly spe-
cific contacts between the accessory factor TraM and
the TraD receptor. In fact, the TraM-TraD interaction is
the only structural interface solved to date by X-ray
crystallography, as described in further detail in the next
section.

T4CPs and the DNA Substrate-Docking Reaction
The T4CPs are so named because they link secretion
substrates with cognate T4SS channels (23, 39, 40, 41).
They typically are composed of an N-terminal trans-
membrane domain (NTD) joined to a large cytoplasmic
moiety that consists of a nucleotide binding domain
(NBD) and an α-helical bundle termed the all-alpha-
domain (AAD) (Fig. 3A, B). An X-ray structure showed
that a soluble fragment of the TrwB T4CP assembles
as a globular homohexamer of ∼110 Å in diameter and
90 Å in height, with a ∼20-Å-wide channel in the center.
This channel forms an 8-Å-wide constriction at the cy-
toplasmic pole of the molecule. The NTD extends from
the opposite end of the globular assembly, as shown by
electron microscopy, giving rise to an overall F1-F0-
like ball-stem structure (Fig. 3A) (41, 42). These findings,
coupled with evidence that T4CPs exhibit sequence
and structural similarities with the FtsK and SpoIIIE
DNA translocases, prompted a model in which the T4CP
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Figure 3 Domain architecture of type IV coupling proteins (T4CPs). (A) The structural prototype of the T4CPs, R388-encoded TrwB, is a hexamer
with a stem composed of the N-terminal transmembrane domains (NTDs) of the 6 protomers and a ball composed of the nucleotide binding
domains (NBDs) and all-alpha-domains (AADs). (Left) A space-filling model of the TrwB hexamer showing the Connolly surface (red, negatively
charged; blue, positively charged) and central channel connecting the cytoplasm to the periplasm. IM, inner membrane. (Right) A ribbon diagram
of the NBD (multicolored) and AAD (green). In the assembled hexamer, the AAD sits at the entrance of the hexamer lumen. Images reproduced
with permission by reference 43. (B) Schematics display the domain architectures of P-types TrwB and A. tumefaciens VirD4 and F-type TraD;
numbers represent domain junctions with residue numbers relative to the start codon. The AAD is boxed. Known or predicted properties are
listed above each domain. TrwB lacks a C-terminal domain (CTD), but such domains are carried by other VirD4 homologs including F-type
TraD. (C) The TraD T4CP in the inner membrane with the various domains listed. The extreme C terminus of the CTD (residues in parentheses)
is negatively charged and forms specific contacts with C-terminal α-helical domains (purple cylinders) of the TraM Dtr accessory protein. TraM’s
N-terminal ribbon-helix-helix domain (RHH; purple dots) mediates binding to sbmA sites located within the F plasmid oriT sequence. The TraD-
TraM interaction specifies F plasmid transfer through the F-encoded T4SS. IM, inner membrane.
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serves as the translocase for delivery of DNA substrates
across the inner membrane (See Fig. 2, route 1) (43).

Two features of the TrwB structure point to a role for the
AAD in DNA substrate docking: (i) the AAD is posi-
tioned at the cytoplasmic pole of the TrwB homohexamer
(Fig. 3A) and (ii) the AAD structurally resembles the
DNA binding domain of XerD recombinase (41). Mu-
tational analyses confirmed the functional importance
of AADs associated with TrwB as well as a homolog
encoded by plasmid RP4 (44, 45). A recent study further
showed that the AADs of the A. tumefaciens VirD4 T4CP
and of a T4CP encoded by Enterococcus faecalis pCF10
are essential for translocation of cognate DNA substrates
in vivo (46). Purified forms of these domains bind
DNA substrates and, more importantly, display speci-
ficity for cognate relaxases and other Dtr factors (46). As
mentioned above, the A. tumefaciens VirD2 relaxase
possesses a C-terminal TS required for T-DNA transfer
to plants (38, 47, 48, 49). A VirD2 mutant deleted of this
TS fails to bind VirD4’s AAD in vitro, suggesting that a
VirD2 TS-VirD4 AAD interaction constitutes a basis for
docking of the T-DNA substrate with the VirB/VirD4
channel in A. tumefaciens (49).

T4CPs also can carry C-terminal domains (CTDs) of
variable lengths and sequence compositions (Fig. 3B) (2).
Contributions of these CTDs to substrate transfer are
unspecified, with one notable exception. For F-type sys-
tems, the CTD of the TraD receptor plays a critical role
in docking of the F plasmid substrate (Fig. 3C) (50).
An acidic motif at the extreme C terminus of the CTD
was shown by X-ray crystallography to mediate specific
contacts with the Dtr accessory factor TraM (51, 52).
Mutational analyses further confirmed that the TraD
hexamer-TraM interaction forms the basis of a highly
specific relaxosome-T4CP interaction in vivo (52, 53).
This interaction both mediates highly efficient F plas-
mid transfer and blocks access of the RSF1010 plas-
mid substrate to the T4CP, resulting in strong inhibition
of RSF1010 plasmid transfer (50). TraD’s CTD thus
functions as a specificity checkpoint by ensuring effi-
cient docking of the cognate F plasmid substrate at the
exclusion of alternative substrates. At this juncture,
therefore, the available data suggest that T4CPs recruit
cognate DNA substrates through interactions mediated
by AADs and, when present, CTDs. Further work is
needed to define substrate-T4CP interactions at higher
resolutions and identify factors controlling the dynamics
of these contacts.

The “coupling” function of T4CPs is only partly defined
by its receptor activities. T4CPs also interact with cognate
T4SS channel subunits to mediate delivery of docked
substrates through the channel. The NTDs of T4CPs
are required for these contacts, as shown by two-hybrid
screens and mutational analyses (54, 55). These domains
are implicated in formation of contacts with VirB10-like
subunits (54, 55, 56), and it has been proposed that such
contacts are responsible for the coupling of T4CPs with
cognate channels. On purely stoichiometric grounds,
however, it is difficult to envision how a T4CP hexamer
(s) forms specific contacts with VirB10 subunits, which,
according to the R388 T4SS3–10 structure, exist in 14
copies in the translocation channel (Fig. 2) (26, 41).
Another complicating aspect of this interaction is that
T4CPs have been shown to undergo profound changes
both in conformation and oligomeric state in response
to substrate docking and ATP binding signals (57, 58;
see below). Accordingly, it seems more reasonable that,
rather than forming stable, high-affinity contacts with
T4SS channel subunits, T4CPs associate dynamically
with T4SSs, possibly in response to activation by intra-
cellular signals. That the T4CP is not a fixed, struc-
tural component of the T4SS is further supported by the
fact that, in its absence, the T4SS is fully functional in its
ability to elaborate conjugative pili (2, 22).

STRUCTURE AND FUNCTION OF TYPE IV MACHINES
The T4CPs deliver secretion substrates to the translocation
channel composed of the VirB homologs. As mentioned
above, the R388 T4SS3–10 structure currently represents the
architectural blueprint for the T4SS superfamily (Fig. 2C).
It is dominated by two large subassemblies, the IMC and
OMC, which are connected by a narrow stalk. The fol-
lowing sections summarize current structure-function in-
formation about these subassemblies and the respective
components, with emphasis on their contributions to the
dynamics of substrate transfer across the inner and outer
membranes.

Contributions of ATPases to Substrate Trafficking
In the R388 T4SS3–10 structure, two hexamers of the VirB4-
like ATPase form the “legs” of the IMC substructure, but
the VirD4- and VirB11-like ATPases were absent (Fig. 2).
The ATPase interaction network is thus not yet described
in molecular detail, nor is the specific contribution(s) of
ATP energy to the overall process of substrate transfer.
There is, however, compelling evidence for the P-type
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systems that all three ATPases coordinate their activities to
drive substrate transfer across the inner membrane
(54, 59). Interestingly, while the P- and I-type conjuga-
tion systems employ homologs of the VirD4, VirB4, and
VirB11 ATPases (19, 20, 60, 61), in striking contrast, the
F-type systems as well as conjugation systems functioning
in Gram-positive species employ only homologs VirD4
and VirB4 (8, 22).

The role of the T4CP as a substrate receptor is described
above. Importantly, receptor activity does not require
the ATP hydrolysis by the T4CP, suggesting that this
catalytic activity is required for subsequent steps of the
transfer process. One such postulated function is that the
T4CP itself catalyzes the delivery of secretion substrates
across the inner membrane (Fig. 2, route 1). According to
this model, the DNA substrate binds the T4CP via its
AAD and then enters the central lumen of the hexamer.
The substrate is then pumped through the lumen by
rounds of ATP hydrolysis across the membrane (3). At
this time, the only support for this model is that the
T4CP is phylogenetically and structurally similar to the
DNA translocases SpoIIIE and FtsK (43). It is also dif-
ficult to reconcile this model with results of the TrIP
studies showing that all three ATPases, VirD4, VirB4,
and VirB11, are required for delivery of the DNA sub-
strate to the inner membrane subunits VirB6 and VirB8
(23). Thus, alternative models have postulated that the
three ATPases form an energy center that coordinates
early-stage DNA-processing reactions as well as delivery
of the DNA transfer intermediate across the membrane
(Fig. 2, routes 2 and 3).

Specific contributions of the VirB-like ATPases to sub-
strate transfer have not been defined, but results of mu-
tational analyses as well as structural information about
these subunits have supplied important clues regarding
their functions. For the VirB11-like ATPases, results of
the TrIP studies showed that VirB11 interacts with the
DNA substrate only in cells producing the VirD4 re-
ceptor, implying that VirD4 delivers the substrate to
VirB11 (23). Mutational studies further supplied evi-
dence that VirB11 also engages with effector protein
substrates (62). Structural studies of VirB11 homologs
revealed that these proteins belong to a secretion ATPase
superfamily, whose other members include GspE sub-
units associated with T2SSs and type IV pilus assembly
systems and InvC associated with a Salmonella enterica
type III secretion system (T3SS) (63–65). These ATPases
undergo large nucleotide-dependent conformational

changes thought to be important for providing the me-
chanical leverage necessary for driving machine assem-
bly processes or substrate unfolding. Indeed, studies
confirmed that InvC catalyzes both the release of bound
secretion chaperones and unfolding of effector pro-
teins in an ATP-dependent manner (66). By analogy,
VirB11 subunits might catalyze the unfolding of relaxases
and effector proteins prior to translocation through the
T4SS.

The VirB4 ATPases are large (>70 kDa) proteins that
bind tightly or integrally with the cytoplasmic mem-
brane. Interestingly, these proteins are phylogenetically
related to and exhibit structural similarities with T4CPs
(5, 67). VirB4-like subunits have been shown to form
multiple contacts with other IMC subunits, as well as
with the VirB10 subunit (54, 59, 68). In A. tumefaciens,
cross-linking of the T-DNA substrate with VirB4 was
not detected by TrIP, but production of VirB4 was nec-
essary for detectable substrate cross-linking with the
VirB6 and VirB8 channel components (23). In more
recent studies, evidence was presented for DNA substrate
binding in vivo by a VirB4 homolog associated with a
E. faecalis T4SS (69) and for DNA binding in vitro by
VirB4 homologs associated with the E. coli pKM101- and
R388-encoded T4SSs (70, 71). These findings raise the
possibility that VirB4 plays a more direct role in medi-
ating the transfer of DNA substrates across the inner
membrane than originally envisioned (23). Accordingly,
it can be proposed that, upon docking of the DNA sub-
strate with the VirD4-like receptor, the substrate is de-
livered to the VirB11 ATPase for further processing. In
turn, VirB11 might deliver the substrate to the VirB4
ATPase for transfer to or across the inner membrane
(Fig. 2, routes 2 and 3).

The Inner Membrane Complex and Its Contribution
to Substrate Transfer across the Inner Membrane
In early studies, the IMC was envisioned as a subas-
sembly consisting of the ATPases and one or a few copies
each of the membrane proteins VirB3, VirB6, and VirB8
(17). Structural definition of the R388 T4SS3–10 subas-
sembly, however, now establishes that the IMC is con-
siderably larger than previously thought (Fig. 2C) (26).
This substructure presents as an arch of 255 Å in width
sitting on top of the two VirB4 hexamer barrel structures
each with dimensions of 105 Å in width and 135 Å in
length. The arch, composed of 12 copies each of VirB8
and VirB3, and 24 copies of VirB6, sits in the inner
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membrane. Intriguingly, the arch also is composed of
12 copies of VirB5, which also localizes at the tip of the
conjugative pilus (26). Finally, the IMC is composed of
14 copies of VirB10, which also is a major structural
component of the OMC (see below). In view of known
topologies of these subunits, the IMCs of P-type systems
can be estimated to consist of at least 200 transmembrane
helices.

VirB6 channel activity?
Results of the TrIP studies in A. tumefaciens favored a
translocation pathway whereby the three ATPases coor-
dinate delivery of DNA substrates to a membrane chan-
nel composed of VirB6 and VirB8 (Fig. 2, route 3) (23,
54). Various VirB6 mutations also were found to selec-
tively block formation of T-DNA contacts with VirB8,
suggesting that VirB6 and VirB8 act sequentially in the
substrate transfer pathway (Fig. 2B) (72). Other muta-
tions in VirB6 selectively inhibited formation of substrate
contacts with the VirB2 and VirB9 subunits, further in-
dicating that VirB6 also might form contacts with OMC
components necessary for passage of the DNA substrate
through the distal portion of the channel (see below)
(72).

VirB6 subunits minimally are ∼300 residues with 5 or
more membrane-spanning domains and a large central,
periplasmic domain (2, 72). In view of the recent T4SS3–10
structure, it is intriguing to consider how 24 copies of
VirB6 might be configured as part of the translocation
channel. One possibility warranting further investigation
is that VirB6 oligomerizes to form more than one func-
tional channel across the inner membrane. This could,
for example, enable the simultaneous passage of multiple
substrates through a given T4SS in response to envi-
ronmental cues. For conjugation machines mediating
the transfer of a mobile genetic element to a bacterial
recipient, such redundancy of function might not seem
necessary. However, as noted earlier, conjugation sys-
tems translocate not only DNA substrates but also certain
proteins, e.g., primases, single-stranded DNA binding
proteins (SSBs), that function in establishment of the
mobile element upon transfer to recipient cells (73, 74).
Successful transfer of a DNA substrate therefore could
rely on the coordinated and simultaneous transfer of
DNA-metabolizing proteins, sometimes in many copies
as in the case of SSBs, through a given T4SS. It is also
noteworthy that effector translocator systems typically
deliver multiple substrates to eukaryotic target cells.

While this could be achieved through reiterative rounds
of transfer through a single channel or different T4SS
machines, a potentially more efficient mechanism would
employ multiple channels within the framework of a
single T4SS machine for the simultaneous export of mul-
tiple substrates. This could explain how, in Legionella
pneumophila, the Dot/Icm system is able to rapidly de-
liver as many as several hundred effectors to eukaryotic
cells during an infection (75, 76).

With these considerations in mind, the various trans-
location routes depicted in Fig. 2 might not be mutually
exclusive. For example, the T4CP or VirB4-like ATPase
might suffice to translocate DNA substrates (routes 1
and 2), while the VirB6/VirB8 channel mediates protein
trafficking (route 3). Even for DNA transfer, a model was
proposed that the T4CP functions as the translocase for
the DNA component of a DNA substrate and the VirB6/
8 subunits mediate transfer of the relaxase bound to the
5′ end of the DNA substrate (3). Such a model is in-
triguing as it invokes two distinct translocation pathways
for the delivery of a single DNA substrate, the relaxase-T-
strand transfer intermediate, across the inner membrane.
It also has been envisioned that large periplasmic loops
of VirB6 monomers might assemble to form an entry
portal for DNA substrates delivered to the periplasm by
the T4CP ATPase. This proposal was based on findings
in A. tumefaciens that mutations in a central periplasmic
loop of VirB6 blocked formation of formaldehyde cross-
links with the DNA substrate (72). In fact, the existence
of an entry portal in the periplasm for feeding substrates
into the channel housed by the OMC is appealing in
view of evidence that some effector translocator systems
recruit and export substrates that are first delivered to
the periplasm via the general secretory pathway (GSP; see
below).

VirB8, an IMC-OMC connector?
The VirB8 subunits are bitopic proteins with a short
cytoplasmic N-terminal domain, a membrane-spanning
domain, and a large C-terminal periplasmic domain (77).
VirB8 subunits are signatures of T4SSs carried by Gram-
negative and -positive species (8), and recent work has
established that their periplasmic domains adopt a com-
mon structural fold (78, 79, 80, 81, 82). This fold presents
as large extended β-sheets with five α-helices, giving rise
to an overall globular fold. VirB8 subunits pack as dimers
or trimers in the crystal structures, and results of muta-
tional analyses suggest that oligomerization is physio-
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logically relevant. Indeed, the dimer interface has served
as a target for a high-throughput screen that resulted in
the identification of small-molecule inhibitors of T4SSs
(83).

Recently, crystal structures were solved for the periplas-
mic domains of VirB8-like DotI and TraM associated
with the I-type L. pneumophila Dot/Icm and plasmid
R64 T4SSs (82). Interestingly, the VirB8-like domain of
DotI forms a stack of two octameric rings in the crystal
structure, and results of mutational analyses suggest
that the contacts between the two octameric rings are
biologically important in vivo. The octameric structure
distinguishes DotI of the I-type systems from P-type
homologs, which are predicted to assemble as a dode-
cameric ring in the IMC (26, 82). Nevertheless, in view of
the earlier TrIP data generated with the A. tumefaciens
system, it is reasonable to propose that these subunits
assemble as ring-like structures at the IMC/OMC junc-
tion for conveyance of substrates from the IMC into the
channel housed by the OMC.

TheOuterMembraneComplexand ItsContribution to
Substrate Transfer across the Outer Membrane
In A. tumefaciens, the outer membrane lipoprotein VirB7
and VirB9 interact with bitopic inner membrane pro-
tein VirB10, forming a subassembly originally termed
the core complex (see Fig. 2A) (17, 21). This complex,
renamed the OMC, is intrinsically stable and stabilizing
for most of the other VirB subunits (17). A. tumefaciens
ring-shaped OMC complexes were visualized by trans-
mission electron microscopy (TEM) (84), and corre-
sponding OMCs associated with P-type T4SSs encoded
by E. coli plasmids pKM101 and R388 have been struc-
turally solved by X-ray crystallography, cryoelectron mi-
croscopy, and TEM (24, 25, 26).

The pKM101-encoded OMC is composed of 14 copies
each of the VirB7, VirB9, and VirB10 homologs (24, 25).
This is a large, 1.05 MDa barrel-shaped structure of
185 Å in width and length. It is composed of two layers
(I and O layers) forming a double-walled structure. The
I layer, composed of the N-terminal domains of VirB9
and VirB10, is anchored in the inner membrane via
the N-terminal transmembrane domain of VirB10.
The N-terminal domains of VirB10 form a ring of 55 Å
in diameter when the OMC is produced in the absence of
the IMC. The O layer, composed of VirB7 and domains
of VirB9 and VirB10, has a main body and cap that is

thought to span the outer membrane. The cap, with a
narrow hole of 10 Å in diameter, consists of 14 copies of a
domain of VirB10 termed the antennae projection (AP).
The OMC thus forms a large barrel with openings at both
ends (24, 25). VirB10-like proteins are highly unusual
bacterial membrane proteins in extending across the
entire cell envelope (24, 85). This feature lends itself well
to roles for these subunits not only as structural scaffolds
for the T4SS (27) but also as transducers of activating
signals from within or outside the cell across the T4SS
(see below).

In the R388 T4SS3–10 structure, the OMC is linked to the
IMC by a thin structure termed the stalk (Fig. 2B) (26).
The composition of the stalk is not defined but must
consist in part of the 14 copies of VirB10’s N-proximal
region since the N terminus of VirB10 extends across the
inner membrane. The biological importance of the stalk,
or even its existence in the context of the T4SS when
embedded in the cell envelope of an intact cell, is not yet
established. However, a gap between the IMC and OMC
junction may enable access of substrates delivered into
the periplasm via the GSP to the OMC for translocation
across the outer membrane.

The interior chamber of the OMC is sufficiently large to
house a translocation channel consisting of VirB2 and
VirB9, which were shown by TrIP to cross-link with the
translocating T-DNA substrate (24, 25, 86). Interestingly,
VirB10 did not detectably interact with the DNA sub-
strate (23), even though VirB10’s AP presumably forms
the outer membrane-spanning pore (24, 25). OMC
structures solved to date lack VirB2 pilin homologs,
and it is conceivable that VirB2-like subunits assemble
as part of the channel at the distal end of the OMC to
add structural complexity to the outer membrane pore
(Fig. 2A) (27).

The Translocation Route
With an emerging knowledge of T4SS architecture, it is
interesting to return to the question of how substrates are
routed through the T4SS across the cell envelope. Trans-
location systems of Gram-negative bacteria deliver their
cargoes either in one or in two steps. One-step pathways
employ a single channel that spans the entire cell enve-
lope, and two-step pathways employ an inner membrane
translocase and a second system that recruits the sub-
strate from the periplasm for delivery across the outer
membrane (see reference 18). Most T4SSs are thought to
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employ a one-step route, as depicted in Fig. 2, routes 2
and 3. For conjugation systems, such a pathway is highly
likely given the prevalence of nucleases in the peri-
plasm. Indeed, in uninterrupted matings over periods of
many minutes, E. coli Hfr strains can translocate single-
stranded forms of nearly entire chromosomes through
F-type T4SSs without apparent degradation. A one-step
pathway does not exclude the use of a T4CP for delivery
of DNA cargoes across the inner membrane (Fig. 2,
route 1), however, because the physical disposition of the
T4CP relative to the T4SS3–10 subassembly is not known
presently. Thus, the T4CP could fit within the body of
the IMC, possibly even substituting for one or both of
the VirB4 “legs,” to enable DNA delivery through a
T4CP-channel contact without substrate exposure to the
periplasm (see Fig. 2).

It is simplest to envision that a one-step pathway also
is employed for translocation of protein substrates, but
this is not invariably the case, because at least two sys-
tems lack a T4CP and instead rely on the GSP or another
inner membrane translocase for delivery of the protein
substrate to the periplasm. The Bordetella pertussis Ptl
system was the first described T4SS utilizing a two-step
pathway. The sole substrate of the Ptl system is the
pertussis toxin (PT) of the A/B family of toxins. The A
and B subunits of PT carry canonical sec signal sequences
for secretion to the periplasm by the GSP. Once in the
periplasm, the PT subunits assemble as the holotoxin,
which is then recruited and exported by the Ptl system to
the extracellular milieu (11). The Ptl system resembles
other P-type systems in subunit composition and most
likely in overall architecture (see Fig. 1 and 2) (87). With
the R388 T4SS3–10 subassembly as a structural reference
(Fig. 2C), it is enticing to suggest that the holotoxin
enters the Ptl T4SS through a portal positioned at the
IMC/OMC junction. The VirB T4SSs elaborated by
Brucella spp., also likely employ a two-step transloca-
tion route for delivery of effectors into eukaryotic
host cells. Interestingly, the Brucella T4SSs also lack as-
sociated T4CPs, yet only some effectors carry canonical
sec signal sequences, while others do not. Precisely how
the latter are translocated across the inner membrane
remains an intriguing question for further study (88, 89,
90).

Signal-Mediated Activation of T4SSs
The T4SSs generally translocate substrates only upon
establishment of direct contact with target cells. This

indicates that the channels are gated and activated by
propagation of a signal from recipient to donor cells.
Studies in the 1970s of the F transfer system supplied
strong experimental support for such a signal, generated
upon contact of the F pilus with a recipient cell (91).
This signal is transduced to the interior of the donor cell
where it stimulates early F plasmid-processing reactions.
More recent work supplied further evidence for signal
communication from the F pilus to the cell interior (92).
The F-like R1-encoded pilus is the receptor for bac-
teriophage R17, which enters cells through undefined
mechanisms involving pilus retraction or penetration
of the pilus lumen. It was discovered that R17 binds and
enters only cells in which the TraD T4CP has already
engaged with the F relaxosome. Phage R17 binding
appears to supply a requisite extracellular signal, possibly
by mimicking recipient cell contact, which together with
the DNA substrate-T4CP docking signal activates the
channel to allow phage uptake.

Studies in A. tumefaciens also have provided evidence
for signal transduction along the VirB/VirD4 T4SS. In
this system, VirB10 was shown to undergo a conforma-
tional switch in response to sensing of two intracellular
signals mediated through the VirD4 T4CP. The first
signal is conveyed through a two-step reaction involving
the docking of the T-DNA substrate with VirD4 and its
subsequent transfer to the VirB11 ATPase (49). The
second signal corresponds to the ATP hydrolysis activi-
ties of VirD4 and VirB11 (93). Integration of these
signals results in a conformational change in the struc-
tural scaffold VirB10, as shown by a change in protease
susceptibility. This conformational change is necessary
for passage of the DNA substrate through the distal
portion of the VirB channel composed of the VirB2 pilin
and VirB9 subunits, as shown with the TrIP assay (49,
93). The nature of the conformational change is not yet
known, but a role for VirB10 in the coupling of intra-
cellular signals to gating of an outer membrane pore is
suggested by isolation of a mutation near the VirB10 AP
pore that “locks” VirB10 in the energized conforma-
tion and allows for release of secretion substrates to the
cell surface independently of target cell contact (94).
Therefore, as shown for a number of small-molecule and
macromolecular transport systems, the VirB/VirD4 T4SS
appears to be activated by a combination of ligand and
energy signals.

It is tempting to suggest that intra- and extracellular
signals generally activate T4SS channels through the
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envelope-spanning VirD4-VirB10 transduction network.
For type IV secretion, signal activation would open chan-
nels enabling substrate passage to target cells. In a reverse
reaction, exogenous DNA or phage binding to pilus or
other T4SS receptors might activate channels for uptake
of nucleic acids across the cell envelope.

MODULATION OF DONOR-TARGET CELL
INTERACTIONS BY ADAPTED FORMS
OF CHANNEL SUBUNITS
Besides their functions as structural components of the
translocation channel, several T4SS subunits have been
adapted for novel purposes through acquisition of novel
domains or motifs. Most notably, the IMC component
VirB6 and the OMC subunits VirB7 and VirB10 of sev-
eral T4SSs carry domains of demonstrated or postulated
importance for modulation of donor cell contacts with
bacterial or eukaryotic target cells. The next sections
describe some of these specialized functions.

Extended VirB6s
VirB6 subunits are minimally ∼300 kDa and have
at least 5 or 6 membrane-spanning helices (2, 72). A
subset additionally carries a large hydrophilic domain of
functional importance. These subunits were designated
“extended VirB6,” and they are found in conjugation
systems and many effector translocator systems (2). For
the F-type T4SSs, the polytopic motif of VirB6-like TraG
subunits is followed by a large ∼600 residue C-terminal
domain (Fig. 4) (22). This domain is extensively α-helical
in its predicted secondary structure, and has been sug-
gested to functionally substitute for VirB8, on the basis
of its periplasmic location and the absence of a VirB8
ortholog in the F-type systems (14, 22). Interestingly,
TraG also is involved in entry exclusion, a process that
blocks redundant DNA transfer between identical donor
cells. When a donor cell contacts another donor cell, the
C-terminal domain of TraG is thought to extend across
the outer membranes of the paired cells to form a specific
contact with TraS, a protein also encoded by F-carrying
donor cells (Fig. 4) (95, 96). This contact signals a non-
productive donor-donor cell junction, and blocks DNA
transfer. Similar findings were reported for homologs
of TraG and TraS encoded by the SXT ICE (integrative
and conjugative element) of Vibrio cholera (97). Precisely
how the TraG-TraS interaction blocks DNA transfer
is not yet known, but might involve transduction of a sig-
nal across the donor-donor cell junction resulting in a

conformational change in the T4SS that blocks channel
function (Fig. 4).

The Rickettsia spp. P-type T4SSs have multiple copies
of variant forms of “extended-VirB6” subunits (98,
99). They range in size between ∼600 and 1,400 resi-
dues and the polytopic VirB6 motif can be located
in one or both terminal regions or centrally. There
is evidence for surface display of VirB6 domains in
Wolbachia, supporting the notion that such exported
domains are involved in establishment of endosymbi-
otic relationships (Fig. 4) (100). Whether these domains
protrude through the OMC chamber as depicted in
Fig. 4, or are proteolytically cleaved from the rest of
the protein prior to export to the cell surface is presently
not known.

I-type systems also code for “extended-VirB6” subunits.
E. coli plasmid R64 encodes TraY, a 745-residue protein
with an unusual hydropathy profile (19). The N- and
C-terminal thirds of the protein are highly hydrophobic
with between 4 and 6 TM motifs, and the central third
is hydrophilic and predicted to reside in the periplasm.
In the related L. pneumophila Dot/Icm system, the TraY
ortholog is DotA. DotA is ∼300 residues larger than
TraY, and possesses the same general hydropathy profile
with multiple N- and C-terminal TM domains flanking a
central hydrophilic domain. Strikingly, DotA is released
in a Dot/Icm-dependent manner to the extracellular
milieu where it forms ring-shaped complexes (Fig. 4)
(101). In contrast to R64-encoded TraY, DotA has an
N-terminal signal sequence, leading to a proposal that it
is secreted across the membrane by the GSP (101). If true,
DotA would be delivered to the cell surface in two steps:
first, across the inner membrane by the GSP and, second,
across the outer membrane by the Dot/Icm T4SS (Fig. 4).
No function has been ascribed to the extracellular form of
DotA, and no follow-up studies have defined its export
route in further detail.

VirB7 Adaptations
VirB7 subunits are typically small lipoproteins that
play an important role in stabilizing the OMC at the
outer membrane. However, larger forms of VirB7-like
lipoproteins functioning in P- and I-type systems have
novel features, including surface variable regions, as
shown for Helicobacter pylori CagT (102, 103), or N0
domains as shown for Xanthomonas citri VirB7 and
L. pneumophila DotD (Fig. 5) (104, 105). Studies have
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shown that surface-variable CagT is required for CagA
translocation and pilus biogenesis (106, 107), and also
might contribute to immune evasion by H. pylori (102).
By contrast, N0 domains are structural modules thought
to serve a variety of functions relating to transport pro-
cesses. They are features of transport-associated proteins,
including TonB, secretins of the types II and III secretion
systems and related type IV pilus systems, bacterio-
phages, and type VI secretion systems (see reference 104).
The N0 domains of X. citri VirB7 and L. pneumophila
DotD are envisioned to form additional rings at the base
of the OMC that contribute to channel gating or contacts
with the IMC (104, 105).

VirB10 Adaptations
The VirB10-like subunits are among the most sequence-
and structurally variable subunits of the T4SSs. In the
Cag T4SS of H. pylori, only a small C-terminal region of
CagY is similar to VirB10, whereas a large central re-
gion is composed of multiple repeats (Fig. 5) (108). This
central region is surface displayed and associates with a

pilus structure (109, 110). Furthermore, during infection
this region undergoes extensive genetic rearrangements
that disrupt or activate the Cag T4SS (108, 110). Through
host immune-driven recombination, CagY is postulated
to function as a sensor of the host immune response and,
in turn, regulate Cag T4SS function to maximize persis-
tent infection (110).

A second example of an interesting but as yet unexplored
OMC adaptation is found in the I-type systems. In E. coli,
plasmid R64 codes for TraO, which closely resembles
VirB10 in size and predicted overall structure (19). In
striking contrast, in the related L. pneumophila Dot/Icm
system, “VirB10-like” DotG is over 1,000 residues and
only the extreme C-terminal region resembles VirB10
(111, 112). DotG possesses central variable domains
consisting in part of multiple sets of pentapeptide repeats
(111). Although this region of DotG has been postulated
to reside in the periplasm, it is noteworthy that DotG
homologs from various Legionella species carry structural
motifs of known bacterial effector proteins, as shown
by Phyre 2 modeling (Fig. 5) (113). Most strikingly,

Figure 4 Adaptations of the IMC: VirB6-like subunits. Polytopic VirB6 subunits with lengths of∼300 residues are components of the IMC. Many
T4SSs have larger forms of these subunits, designated extended-VirB6. These forms of VirB6 are composed of a polytopic VirB6-like domain and
a hydrophilic domain as large as ∼1,000 residues. (Left) F-type F plasmids of E. coli encode large VirB6-like TraG subunits. These subunits
participate in entry exclusion, which prevents nonproductive plasmid transfer between donor cells. TraG’s C-terminal domain extends or is
delivered via the T4SS across the donor-donor cell junction, where it binds the entry exclusion protein TraS located in the inner membrane of the
paired donor. This interaction might transduce a signal resulting in a conformational change in the T4SS that blocks nonproductive F plasmid
transfer to other F-carrying cells (96). (Middle) Rickettsial P-type T4SSs are composed of 4 or more large VirB6 subunits whose hydrophilic
domains are unrelated in sequence and which might be surface-displayed for target cell binding or immune evasion (98, 99, 100). (Right) The
I-type Dot/Icm system of L. pneumophila secretes the highly hydrophobic DotA (∼1,000 residues) to the milieu where it assembles as large ring-
shaped complexes. DotA has a canonical signal sequence, which is thought to mediate DotA delivery through the General Secretory Pathway
(GSP) across the inner membrane. In the periplasm, DotA is then recruited to the Dot/Icm T4SS for delivery across the outer membrane to the cell
exterior (101).
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L. pneumophila DotG (accession no. AF026534.1) has
structural folds highly similar to PipB2, a T3SS effector
of Salmonella enterica serovar Typhimurium (Phyre2
modeling: c2leza; 99.2% confidence; 18% sequence iden-
tity) During Salmonella infection, secreted PipB2 par-
ticipates in reorganization of late endosome/lysosome
compartments by linking kinesin-1 onto the Salmonella-
containing vacuole (SCV) membrane. The pentapeptide
motif is required to efficiently recruit kinesin-1, whereas
the N-terminal domain suffices for type III translocation
and association with SCVs (114, 115). A C-proximal
pentapeptide motif of DotG (accession no. AF026534.1)
also has a structural fold similar to the Salmonella T3SS
effector SopA (Phyre2 modeling: c2qzaA, 99.7% confi-
dence; 12% sequence identity), which structurally mimics
eukaryotic ubiquitin ligase (Fig. 5) (116). The central
regions of DotG subunits from different L. pneumophila
species are highly variable, and a search among 11 other
DotG/IcmE subunits identified structural folds similar
to other effector domains that were mainly embedded
within pentapeptide motifs (P. J. Christie, unpublished
findings). Thus, it can be proposed that DotG subunits of
Dot/Icm T4SSs might elaborate effector domains that,
reminiscent of passenger domains of type V autotrans-
porters (117), are either tethered to the L. pneumophila

cell surface or released by proteolysis for delivery into
eukaryotic cells.

CONJUGATIVE PILI AND PILUS BIOGENESIS
All conjugation systems and probably most effector trans-
locator systems of Gram-negative bacteria elaborate pili
or other surface appendages. Although there is compel-
ling evidence that these structures promote attachment
of donor cells to potential bacterial or eukaryotic target
cells, the contributions of these organelles to the process
of substrate transfer is somewhat controversial. On the
one hand, studies of E. coli F-type pili showed that donor
cells can inefficiently deliver the F plasmid to distantly
located recipient cells, suggestive of a role for extended
F pili as conduits for the DNA substrate (118, 119).
On the other hand, E. coli and A. tumefaciens mutants
lacking detectable pili can still efficiently transfer DNA
substrates, establishing that extended pili are not oblig-
atory features of T4SS channels (61, 62, 120, 121). In
natural settings, it is likely these surface organelles en-
hance DNA transfer efficiencies, not as conduits for
substrates, but rather through their ability to promote
aggregation of donor and recipient cells and develop-
ment of robust biofilms on biotic and abiotic surfaces.

Figure 5 Adaptations of the OMC: VirB7- and VirB10-like subunits. The outer membrane complexes (OMCs) of paradigmatic T4SSs are
composed of the small (∼5-kDa) lipoprotein VirB7, outer membrane-associated VirB9, and envelope-spanning VirB10 (∼50-kDa). Many T4SSs
have larger forms of the VirB7- and VirB10-like subunits that carry surface-displayed domains of functional importance. (Left) H. pylori P-type
T4SSs carry larger forms of VirB7-like CagT and VirB10-like CagY with repeat domains that are exposed on the cell surface. TM, transmembrane
domain. (Middle) L. pneumophila I-type T4SSs also carry larger forms of the VirB7- and VirB10-like proteins. VirB7-like DotD has an N0
domain that is thought to form an extra ring of structural importance for the OMC. DotG has an N-terminal transmembrane domain (TM),
a C-terminal VirB10 structural fold (20), and internal structural folds similar to that of Salmonella T3SS effector PipB2 and the Salmonella effector
SopA (114, 116), as determined by Phyre2 structural modeling (113). It is proposed that these domains of DotG protrude through the OMC or are
proteolytically released from the VirB10 scaffold domain for delivery into the eukaryotic cell where they exert effector activities. (Right) E. coli
F-type T4SSs carry novel subcomplexes that may or may not be physically associated with the T4SS at the cell surface. The TraW/U/F/B/F/TrbI
subunits mediate F pilus extension and retraction, TraN and VirB10-like TraG stabilize mating pairs and the TraT lipoprotein prevents redundant
F plasmid transfer among donor cells through surface exclusion (see reference 22).
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Through these adhesive activities, conjugative pili pro-
mote cellular contacts favoring formation of mating junc-
tions that resist shear forces and other environmental
perturbations.

E. coli F pili are presently the best characterized group of
conjugative pili. These pili are typically long, ranging
from 1 to 20 μm in length, and flexible (14). Among their
most noteworthy properties, they stochastically and dy-
namically extend and retract. This is thought to enable
donor cells to scan the local environment for viable re-
cipient cells as a means of enhancing F plasmid transfer
efficiencies, particularly in low-cell-density, aqueous
environments (14, 15, 16). In contrast to the F pili, the P
pili are thicker, more rigid, and typically much shorter,
although length measurements are complicated by the
fact that isolated pili are often broken (122, 123, 124).
These pili do not appear to undergo cycles of extension
and retraction, but instead accumulate in the milieu,
either through breakage or an active sloughing mecha-
nism. They tend to aggregate as a mesh of polymers,
which might promote nonspecific clumping of donor and
recipient cells resulting in formation of productive mat-
ing pairs.

The biogenesis of pili elaborated by E. coli conjugation
systems has been a subject of study for over 50 years. The
general requirements for pilus assembly are the same as
those for elaboration of the translocation channel, with
two exceptions. First, the T4CP is not required for pilus
production (14). Second, the VirB1 transglycosylase is
important for pilus assembly but not a functional trans-
location channel (60, 125). In fact, the contribution of
VirB1 to pilus assembly appears not to be associated with
its cell wall hydrolase activity but rather with the export
of a proteolytic fragment termed VirB1* to the cell sur-
face. At this location, VirB1* interacts with VirB2 pilin
and VirB5 and, by an undefined mechanism, promotes
pilus polymerization (126). The biogenesis of conjugative
pili can be divided into early- and later-stage reactions, as
summarized below.

Early-Stage Pilus Assembly Reactions
F and P pili are synthesized as pro-proteins with un-
usually long (∼30 to 50 residues) leader peptides that
are cleaved upon insertion into the inner membrane
(127). The F plasmid-encoded TraA pro-pilin inserts into
the membrane by a mechanism dependent on the proton
motive force, but not the GSP (128). The F plasmid-

encoded membrane protein TraQ also is required for
correct orientation and stabilization of TraA pro-pilin in
the membrane (129). Membrane-embedded pro-pilins
are processed further by proteases and other posttrans-
lational modifications. Following signal sequence cleav-
age by LepB, F pili are acetylated at their N termini,
although this modification is not required for F pilus
assembly (14). Pilin subunits of P pili undergo a novel
head-to-tail cyclization required for stabilization of the
pilin in the membrane and for pilus assembly (130, 131).
Processed forms of the conjugative pilins typically are
composed of alternating stretches of hydrophilic and hy-
drophobic residues along the length of the protein, giving
a characteristic membrane topology such that the N and
C termini are in the periplasm and a small hydrophilic
domain of only a few residues is in the cytoplasm (128,
132, 133, 134). Approximately ∼100,000 monomers of
F pilin assemble in the membrane for use in building the
pilus upon receipt of an unknown signal (135).

F pili assemble by sequential addition of pilin mono-
mers to the base of the growing pilus (15). These pili are
composed of a single type of pilin, although the com-
position and nature of the pilus tip is currently unknown.
F pili are hollow cylinders of ∼9 nm in diameter with
an axial lumen of ∼3 nm. Recent studies showed that a
single F pilus is composed of distinct 1-start and 4-start
helical symmetries, a property thought to enable these
pili to withstand considerable extension and contrac-
tion forces as might be encountered upon engagement of
the pilus with recipient cells (136). E. coli cells typically
possess 1 to 5 F pili per cell, although variant F systems
can encode up to 20 pili per cell. The pili are randomly
distributed around the cell, and it is thought that there
are more pilus assembly sites on the cell surface than
extended pili (14). The structures of P pili have not yet
been solved. They are difficult to visualize when attached
to the cell surface, but indirect detection through deco-
ration with pilus-specific phage or green fluorescent pro-
tein labeling of pilus assembly proteins yielded estimates
as high as 20 pilus assembly sites per cell (14, 137).

The mechanism by which pilins are extracted from
the hydrophobic membrane environment was evaluated
by monitoring accessibility of Cys residues engineered
along the length of A. tumefaciens VirB2 to a membrane-
impermeable thiol-reactive reagent. This study defined
the inner membrane topology of VirB2 and also pres-
ented evidence that the VirB4 ATPase, with a contribu-
tion by the VirB11 ATPase, catalyzes extraction of the
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pilin from the membrane (134). Consistent with these
findings, VirB4 also stabilizes subunits required for pilus
assembly and is essential for interaction of VirB2 with
another pilus-associated protein, VirB5 (68). VirB5 asso-
ciates with the tip of pili elaborated by the A. tumefaciens
VirB/VirD4 system, and the VirB2-VirB5 interaction
is thought to be essential for pilus nucleation (138).
VirB4 thus is postulated to function in dislocation of
mature pilins from the inner membrane to mediate
formation of the VirB2-VirB5 nucleation complex for
subsequent pilus polymerization (134). F-type systems
encode VirB5-like TraE subunits, but no evidence exists
for a pilus tip association. Rather, these subunits are
thought to form part of the T4SS in the periplasm, which,
interestingly, agrees with recent evidence for association
of VirB5-like TrwJ with the IMC of the R388 T4SS3–10
structure (22, 26). VirB5 subunits might have multiple
functions in relation to assembly of the IMC as well as the
conjugative pilus.

Later-Stage Pilus Assembly and F Pilus Dynamics
The membrane pool of pilin monomers is recruited upon
receipt of an unknown signal(s) to build the pilus, pre-
sumably within or on top of the T4SS. In view of the R388
T4SS3–10 structure showing that two VirB4 hexamers are
located at the base of the IMC (Fig. 2) (26), it is rea-
sonable to suggest that VirB4 subunits catalyze extraction
of pilin monomers from the membrane and then feed
them into the chamber of the OMC. Once in the OMC
chamber, pilins would undergo polymerization to build
the conjugative pilus. The central chamber of the
pKM101-encoded OMC is approximately 100 Å in di-
ameter, sufficiently large to house the conjugative pilus,
but the diameter of the outer membrane cap is at most
only 32 Å and clearly not large enough to accommodate
the pilus. These observations suggest at least two alter-
native models for pilus assembly. First, the pilus assem-
bles from an IMC platform, and, as it extends through the
OMC chamber, it induces profound structural changes
in the distal portion of OMC. Second, pilin monomers
are delivered through the OMC chamber where poly-
merization initiates on an outer membrane platform
formed by VirB10’s AP (cap) domain (see Fig. 2C). At
this time, it is not possible to discriminate between these
models.

As mentioned above, the F pili are so far the only group
of conjugative pili for which a dynamic mode of exten-
sion and retraction has been unequivocally established.

F pilus assembly requires a putative TraV/TraK/TraB
OMC, as well as IMC subunits VirB3-like TraL, VirB4-
like ATPase TraC, and VirB6-like TraG (14). These sys-
tems code for a unique set of proteins, TraF, -H, -U, -W
and TrbB, -I (Fig. 5) (16, 139, 140). These proteins form
an interaction network distinct from the presump-
tive TraV/K/B OMC (141). The TraF/H/U/W-TrbB/I
complex is thought to regulate the dynamics of F pilus
extension/retraction, although the underlying mecha-
nism is not yet defined. TraF, -H, -U, and -W localize at
the outer membrane (14). TrbI is of special interest as a
bitopic inner membrane protein that contributes specif-
ically to the process of pilus retraction through contacts
with the outer membrane-associated TraF/H/U/W pro-
tein complex (Fig. 5) (142).

F pilus extension and retraction has been visualized by
use of fluorescently labeled phage R17, which binds
along the sides of F pili. Intriguingly, F pili were shown
to stochastically extend and retract regardless of the
presence of recipient cells in the vicinity (15). Pilus po-
lymerization and retraction requires ∼5 min for com-
pletion, and new pili are elaborated prior to retraction of
older pili, suggesting that initiation and retraction events
are randomly timed and not coordinated. These studies
also presented evidence supporting earlier work showing
that F pili rotate along their longitudinal axis during
retraction, causing a bound recipient cell to spin as it is
drawn closer to the donor cell (15). Such a rotary motion
of flexible pili during extension and retraction is thought
to allow pili to “sweep” a large volume around the donor
cell in order to enhance the probability of a productive
encounter with a recipient cell, which would be of par-
ticular benefit for cells growing in liquid environments
(16).

MATING PAIR FORMATION
AND THE MATING JUNCTION
In E. coli, conjugative pili first form loose contacts with
potential recipients. At this stage, mating by F- and P-
type plasmids can be disrupted by physical means or
treatment with 0.01% SDS. Donor-recipient cell con-
tacts soon stabilize and become difficult to break apart
(143, 144, 145, 146). F-type systems encode two pro-
teins, TraN and TraG, that specify this function (Fig. 5).
These proteins, termed mating pair stabilization proteins,
are unique to the F-type systems and promote formation
of tight mating junctions (145).
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TraN family proteins are large (∼600 to 1200 residues)
cysteine-rich proteins thought to function as adhesins
for formation of stable donor-recipient cell-mating pairs.
TraN also was shown to coordinate its functions through
interactions with the TraV subunit of the putative TraV/
K/B OMC (145). TraN binds both OmpA and LPS
on recipient cells, which likely explains the basis for F-
specific mating-pair stabilization. This was evidenced by
the identification of mutations in recipients that disrupt
formation of tight mating junctions in genes encoding
OmpA and constituents of the lipopolysaccharide (LPS)
biosynthesis pathway (145, 147).

The second mating-pair stabilization protein, TraG, was
discussed above as a VirB6-like protein with an α-helical
C terminus that can extend or be delivered into recipient
cells where it binds the inner membrane protein TraS to
block DNA transfer in nonproductive donor-donor pairs
(96). In matings with F-minus recipients, however, the
C-terminal domain of TraG is thought to alternatively
form contacts with another, unidentified inner mem-
brane protein to stabilize the mating junction (96). TraG
also has been implicated as a binding partner of TraN
(148) and, through this interaction, promote formation
of mating pairs (Fig. 5).

The architecture of conjugative mating junctions is
presently not defined in E. coli or any other species. E. coli
donor cells carrying plasmid RP4 form mating junc-
tions at poles and along the lengths of cells, as shown by
electron microscopy. Junctions at cell poles were esti-
mated to be ∼150 to 200 nm in length, whereas those
along the cell body extended up to 1,500 nm in length
or up to half the lengths of the cells (143). Intriguingly,
no structures resembling the R388 T4SS3–10 or the OMC
or IMC subassemblies, or any other structures, have
been detected at the mating junction (149). This suggests
the intriguing possibility that intact channels form
only transiently upon channel activation by substrate-
docking signals and establishment of donor-recipient cell
contacts.

Discerning the assembly mechanism and architecture of
the mating junction is further complicated by evidence
that E. coli conjugation systems are exceedingly pro-
miscuous in their capacity to deliver cargos to a wide
range of Gram-negative and -positive bacteria. In fact,
this promiscuity extends to eukaryotic cells, as both F-
and P-type systems have been shown to deliver substrates
to yeast and even human cells (150, 151, 152, 153).

CONCLUSIONS AND FUTURE DIRECTIONS
In recent years, mechanistic and structural features of
E. coli conjugation systems have been described in un-
precedented detail. Most noteworthy, the recent ultra-
structural studies have generated an architectural blueprint
of a nearly entire T4SS that, when combined with results
of the earlier TrIP studies, enhances our understanding of
the substrate transfer route. Despite this exciting progress,
long-term studies of E. coli conjugation systems have de-
scribed many features of the F-, P-, and I-type systems
whose underlying mechanisms remain poorly understood.
Answers to the following “big picture” questions sur-
rounding type IV secretion will require sustained efforts
and implementation of creative state-of-the-art technolo-
gies and approaches.

What is the architecture of the translocation channel
and the pathway(s) by which substrates are delivered
through the channel? In this review, three possible routes
across the inner membrane were described involving
the T4CP, VirB ATPases, and integral membrane com-
ponents of the IMC. Refined studies are needed to
discriminate between these possibilities and to define
specific contributions of the ATPases and ATP energy
consumption to the early-stage translocation reactions.
We also now have an OMC structure in atomic detail
and, based on this structure and results of the TrIP
studies, it is proposed that the translocation channel
responsible for conveying substrates to the cell surface is
located within the OMC. Visualization of this channel
and the nature of its interaction with the IMC channel
is critical for answering the larger question of whether
T4SSs employ one- or two-step translocation pathways.

Donor and recipient cells are known to form tight mating
junctions, but the architecture of this junction remains
poorly defined. Indeed, the mechanisms by which T4SSs
establish productive target cell contacts and then pre-
sumably dissociate after mating are perhaps the greatest
mysteries surrounding type IV secretion. What are the
physical and functional relationships of the conjugative
pilus, the translocation channel, and the mating junc-
tion? With recent advances in superresolution and cryo-
electron microscopy, it should be feasible using the highly
efficient F- and P-type systems in E. coli to visualize
mating junction formation in real time and the junction
itself at near atomic resolution. Equally important is the
goal of visualizing the T4SS within the mating junction
and specific T4SS machine contacts with the recipient cell
envelope. Of broader biological interest, since E. coli also
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can deliver DNA substrates to yeast and human cells, we
should be able to use this model bacterium to define the
architecture of junctions formed during interkingdom
mating.

Intracellular and extracellular signals are known to acti-
vate T4SSs, but what are the molecular and structural
details of signal activation? Also of interest, conjugative
DNA transfer must be coordinated with DNA replication
and cell division to avoid replication of a mobile element
from occurring at the same time as transfer. A stabili-
zation system (Stb) has been identified as one mechanism
functioning to reconcile the maintenance mode with the
propagation mode a mobile element (154). What other
types of molecular signals and pathways coordinate these
potentially conflicting processes?

Finally, while there is clear evidence for the structural
diversification of P-, F-, and I-type systems during evo-
lution, what novel functions do these structural ac-
quisitions specify? An especially interesting avenue of
research for the coming years is to decipher how T4SS
machine adaptations and host-derived or other envi-
ronmental signals confer spatiotemporal control over
substrate translocation. The E. coli conjugation sys-
tems remain the best subjects for refined structure-
function studies of T4SSs. Yet, a full understanding of
T4SS diversity also will require detailed investigations of
effector translocators with particular attention to spe-
cialized features acquired during the evolution of these
machines.
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