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Bacterial conjugation systems are members of the large type IV
secretion system (T4SS) superfamily. Conjugative transfer of F
plasmids residing in the Enterobacteriaceae was first reported in
the 1940s, yet the architecture of F plasmid-encoded transfer channel
and its physical relationship with the F pilus remain unknown. We
visualized F-encoded structures in the native bacterial cell envelope
by in situ cryoelectron tomography (CryoET). Remarkably, F plasmids
encode four distinct structures, not just the translocation channel or
channel-pilus complex predicted by prevailing models. The F1 struc-
ture is composed of distinct outer and inner membrane complexes
and a connecting cylinder that together house the envelope-
spanning translocation channel. The F2 structure is essentially the
F1 complex with the F pilus attached at the outer membrane (OM).
Remarkably, the F3 structure consists of the F pilus attached to a thin,
cell envelope-spanning stalk, whereas the F4 structure consists of the
pilus docked to the OM without an associated periplasmic density.
The traffic ATPase TraC is configured as a hexamer of dimers at the
cytoplasmic faces of the F1 and F2 structures, where it respectively
regulates substrate transfer and F pilus biogenesis. Together, our
findings present architectural renderings of the DNA conjugation or
“mating” channel, the channel-pilus connection, and unprecedented
pilus basal structures. These structural snapshots support a model for
biogenesis of the F transfer system and allow for detailed compari-
sons with other structurally characterized T4SSs.

cryoelectron tomography | DNA conjugation | type IV secretion | pilus |
protein transport

n the 1940s, Lederberg and Tatum ushered in the era of bac-

terial genetics with reports of sexual “mating” orchestrated by
the Escherichia coli F “fertility” factor (1). Bacterial sex, now
termed conjugation, is widely recognized as a predominant
mechanism underlying the rapid and widespread transmission of
antibiotic resistance genes and the evolution of untreatable
“superbugs” (2). Over the past seven decades, researchers have
described many of the underlying regulatory and mechanistic
features associated with horizontal gene transfer (3, 4). Only
recently, however, have revolutionary advances in high-resolution
microscopy enabled visualization of conjugation “nanomachines”
to present a structural basis for the proliferation of antibiotic
resistance.

Stable subassemblies of conjugation systems have been iso-
lated from the bacterial cell envelope for analysis by single-
particle electron microscopy. These include 1.1 megadalton (MDa)
outer membrane complexes (OMCs), which span the periplasms
and outer membranes of gram-negative species (5-8), and a larger
3-MDa complex consisting of an OMC joined by a thin flexible stalk
to an asymmetric inner membrane complex (IMC) (9). This OMC/
IMC subassembly was termed the VirB; ;o complex to reflect the
fact it is composed of homologs of VirB subunits from the arche-
typal Agrobacterium tumefaciens VirB/VirD4 system (SI Appendix,
Fig. S1) (5-8). Recently, dimers of the VirD4 substrate receptor
also were shown to dock with the VirB; jy complex (10). The
resulting VirB;_;¢/VirD4 substructure represents a major advance,
but the absence of a central channel leaves unanswered the ques-
tion of how DNA substrates are conveyed through the T4SS to
recipient cells.
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Conjugation systems are grouped together with ancestrally
related “effector translocator” systems, which are deployed by
pathogenic bacteria to deliver effector proteins to eukaryotic cell
targets, as the type IV secretion system (T4SS) superfamily (11).
Although intact T4SSs have been refractory to isolation for
in vitro structural analysis, recently, by use of cryoelectron to-
mography (CryoET), we presented an in situ structure of the
Dot/Icm “effector translocator” system. This T4SS is used by
Legionella pneumophila to deliver several hundred effector pro-
teins into human macrophages for establishment of a replicative
vacuole (12). The Dot/Icm system is considerably larger—both
compositionally and structurally—than the VirBs_;o/VirD4 complex
but retains the overall OMC/IMC architecture. Most strikingly, the
Dot/Icm machine has a central channel that spans the entire cell
envelope, presenting a view of the substrate translocation pathway
for a T4SS (SI Appendix, Fig. S1).

In gram-negative bacteria, conjugation machines elaborate not only
the mating channel but also an attachment organelle termed the
conjugative pilus (11). The best-characterized of these organelles are F
pili elaborated by the F “fertility” factors, now known as F plasmids. In
a “mate-seeking” mode, the F pilus dynamically extends and retracts
to find and then draw a potential recipient cell into direct contact with
the donor cell (13). Upon establishment of the stable “mating
junction,” the F system transitions to the “mating” or DNA transfer
mode (14). Production of the F mating channel and F pilus requires
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nearly the same set of Tra subunits, and, consequently, the channel
and pilus are commonly depicted as a structural unit (SI Appendix,
Fig. S2B). Presently, however, the physical and functional rela-
tionships of the mating channel and F pilus are undefined. Here, we
addressed this deficiency by solving structures of the F plasmid-
encoded channel as well as several distinct F pilus basal platforms
in the native context of the E. coli cell envelope by in situ CryoET.

Results

The F Transfer Channel Revealed by In Situ CryoET. We enhanced
detection of F-encoded machines by use of pED208, an F plas-
mid whose derepressed fra operon confers abundant plasmid
transfer (>1 transconjugants per donor; Tc’s/D) and production
of up to 20 pili per cell (SI Appendix, Fig. S2) (15). We also
exploited an E. coli mreB minC mutant, which grows as unusually
thin cells (mreB phenotype) that asymmetrically divide (minC
phenotype), resulting in the formation of small (<300 nm in
diameter) minicells (SI Appendix, Table S1) (16). Minicells are
ideal for structural analyses of bacterial nanomachines because
they lack chromosomal DNA but possess the cell envelopes and
cytoplasmic constituents, including resident plasmids, of their
parent cells. Importantly, E. coli minicells are fully metabolically
active in their capacity to produce F pili and transfer F plasmids
to viable recipient cells (Fig. 14 and SI Appendix, Fig. S2) (17).
We used a high-throughput CryoET pipeline to visualize
thousands of E. coli minicells (SI Appendix, Table S2). Three-
dimensional reconstructions revealed the presence of one or
more F-encoded structures per minicell, some with and others
without an associated F pilus (Fig. 1 A and B and Movie S1).
First, we focused on the cell envelope-spanning structure lacking
an associated F pilus. From 1,490 machine subtomograms (400 x
400 x 400 voxels) extracted from 511 tomographic reconstructions,
an in situ structure was generated at a resolution of ~2.3 nm (Fig. 1
C and D and SI Appendix, Fig. S3). The envelope-spanning nano-
machine is clearly visible, as are densities corresponding to the outer
membrane (OM), peptidoglycan (PG), and inner membrane (IM).
The F-encoded channel, here designated the F1 channel or
F1-CH complex, is composed of large OMC and IMC subas-
semblies joined by a central cylinder. The OMC spans and dis-
torts the OM inward, generating a 2-nm gap across the outer
leaflet of the OM (Fig. 1D). At the periplasmic face of the OM,
the OMC adopts a disk or “flying-saucer” structure with a width
of 25 nm and a height of 11.5 nm that extends across the PG
layer. In top view, the OMC presents as 13 knobs joined by
spokes to a central ring or hub of 13 nm in diameter (Fig. 1E).
Three-dimensional classifications revealed the 13-fold symmetric
features of the OMC, whose overall architecture was resolved
further by imposing a 13-fold symmetry during refinement (S/
Appendix, Fig. S34). The “flying-saucer” architecture and 13-fold
symmetry of the F1-CH OMC are features also found in the Dot/Icm
system, in contrast to the barrel shape and 14-fold symmetry of
the VirB;_jo OMC (Fig. 1 D and E and SI Appendix, Fig. S1).
The F1-CH OMC encircles a central, “flared” cylinder that extends
across the periplasm to the IMC (Fig. 1 C, D, and F). The flare and
cylinder are 9 and 6 nm wide, respectively, with a central channel of
~2 nm. The channel extends from the OMC to and through the IMC
(Fig. 1 D and F). The cylinder is surrounded by a hexameric collar
near the IM, which conforms to the upper boundary of the IMC (Fig.
1F). The IMC extends across the IM, where its cytoplasmic densities
consist of two prominent side-by-side inverted “V” structures. The
apices of the V structures attach to the IM, the outer arms splay
outward, and the inner arms bend inward and connect to close off the
entrance to the central channel. In bottom view, the IMC is com-
posed of six concentrically arranged V structures (Fig. 1G). The tips
of the inner arms form a central hexameric ring of 10 nm in width,
while the outer arms form a knobbed ring of 30 nm. The sixfold
symmetric features of the IMC were visible in the initial 3D
classifications, and the architecture of the IMC was further
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Fig. 1. In situ structure of the E. coli F-plasmid type IV secretion machine
revealed by CryoET and subtomogram averaging. (A) A tomographic slice
from a representative E. coli minicell showing multiple T4SS machines em-
bedded in the cell envelope; the boxed region was magnified to show an F1-
CH complex. (B) A 3D surface view of the E. coli minicell in A showing T4SS
machines and F pili. (C) A central slice of the averaged structure of the F1-CH
complex in the cell envelope. Diameters of the flare and cylinder are shown.
(D) After refinement, details of the OMC are visible, including a 2-nm gap in
the OM. (E) A cross-section view of the region in D marked by a yellow arrow
shows 13-fold symmetry of the OMC. (F) After refinement, details of the IMC
are visible, including a periplasmic collar, cylinder and central channel (yel-
low arrowheads), and cytoplasmic inverted “V" structures. (G) A cross-
section view of the region in F marked by a yellow arrow shows sixfold
symmetry of the IMC. (H-J) Three-dimensional surface renderings of the F1-
CH complex shown in different views.

resolved by imposing a sixfold symmetry during refinement (S/
Appendix, Fig. S3B). Structural details of the entire F1-CH com-
plex are displayed clearly in 3D reconstructions, presented as side
and 45° angle views of the intact structure and a bottom view of
the hexameric IMC (Fig. 1 H-J). The OMC and IMC structures
have been deposited in The Electron Microscopy Data Bank
(EMDB) as entries EMD-9344 (18) and EMD-9347 (19),
respectively.

The TraC ATPase Forms a Central Hexamer of Dimers at the Channel
Entrance. Most T4SSs functioning in gram-negative species require
three ATPases (VirB4, VirB11, VirD4) for substrate translocation
(SI Appendix, Fig. S1) (11, 20, 21). Two (VirB4, VirB11) also
function in pilus biogenesis. In the VirB; ¢ structure, the IMC is
dominated by two side-by-side hexamers of the VirB4 ATPase (9),
whereas in the Dot/Icm system, VirB4-like DotO assembles as six
V-shaped structures that are concentrically arranged at the base of
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the central channel (SI Appendix, Fig. S1) (12). This latter ar-
rangement closely resembles that observed at the base of the F1-CH
complex (Fig. 1 F and G). Strikingly, mutant F1-CH complexes from
a strain deleted of VirB4-like TraC are devoid of the V-shaped
densities, as well as the hexameric collar at the periplasmic face of
the IMC (Fig. 2 A and B).

To confirm that TraC comprises the V densities, we fused a
traceable GFP tag to TraC’s C terminus, which yielded a stable and
fully functional fusion protein (SI Appendix, Fig. S4). In the solved
F1-CH complex from the TraC-GFP-producing strain, the V-shaped
densities reappear, but extra densities corresponding to the mass of
GFP are associated with both the inner and outer arms of the V
structures (Fig. 2C and SI Appendix, Fig. S5). These findings es-
tablish unequivocally that the base of the F1-CH complex is com-
posed of a hexamer of TraC dimers at the channel entrance.

VirB4 ATPases require intact Walker A nucleoside triphosphate
binding domains for function, but the contributions of ATP binding
or hydrolysis to VirB4 oligomerization or association with the transfer
channel, or to the overall architecture of the transfer channel, have
not been evaluated (22, 23). A TraC mutant with Gln substituted for
the conserved K487 residue in the Walker A nucleoside triphosphate
binding motif is stably produced but nonfunctional. Production of the
K487Q mutant protein in an otherwise WT background also atten-
uates plasmid transfer and pilus production, suggestive of an in-
teraction with and poisoning effect on the translocation channel (S7
Appendix, Fig. S4). The F1-CH complex visualized in a strain pro-
ducing the K487Q variant aligns well with that from a strain pro-
ducing native TraC and, most notably, possesses the cytoplasmic
V-shaped densities (Fig. 2D). Assembly of the entire F1-CH struc-
ture and of TraC as a hexamer of dimers at the channel entrance thus
proceed independently of TraC’s capacity to bind or hydrolyze ATP.

In the Dot/Icm system, VirB4-like DotO is a docking platform
for VirBl1-like DotB, which associates transiently with the T4SS
channel (ST Appendix, Fig. S1) (12). VirD4-like DotL, the third

Fig. 2. Architectures of mutant F1-CH machines. The top row shows the 3D
reconstructions of F1-CH complexes visualized in WT, AtraC, traC-GFP,
traC.K487Q, and AtraD mutant cells. The second row shows refinements of
the IMCs, and the third and fourth rows show surface renderings from side
and bottom views, respectively. (A) Native F1-CH complex (WT) for compari-
sons. (B) The AtraC mutant machine lacks the periplasmic collar and cytoplasmic
inverted “V" structures. (C) The mutant machine with TraC-GFP in place of
native TraC shows the presence of GFP densities (green dots shown in surface
renderings) associated with the inner and outer arms of the inverted “V"
structures. (D and E) Mutant machines with TraC.K487Q in place of native TraC
or deleted of TraD align well with the WT F1-CH structure.

14224 | www.pnas.org/cgi/doi/10.1073/pnas.1904428116

ATPase associated with this system, also appears to associate
dynamically with the T4SS, as deduced by a lack of effect of the
AdotL mutation on Dot/Icm machine architecture (12). F systems
lack VirB11-like ATPase subunits, but reminiscent of the Dot/Icm
system, the WT F1-CH complex aligns well with that visualized in a
mutant deleted of VirD4-like TraD (Fig. 2 A and E). TraD and
other VirD4-like ATPases are known to bind and deliver substrates
to cognate T4SS channels (3, 24, 25), yet our findings for both the F
and Dot/Icm systems suggest that these coupling factors might
engage only transiently with T4SSs, perhaps as a function of
substrate docking.

F Pili Associate with Distinct Basal Platforms. The F1-CH complexes
represented ~30% of all F-encoded structures detectable on the
E. coli cell surface. The remaining complexes were associated
with the F pilus. One such pilus platform, best described as the F1-CH
complex attached to the F pilus, is termed the F2-CH/Pilus
complex (Fig. 34). In the solved structure, the IMC possesses collar
and V-shaped densities that align well with those in the F1-CH
complex (Figs. 1 F and G and 3 B-D). However, major structural
differences exist in the central cylinder and OMC. At the cell
surface, the F pilus has dimensions similar to those reported for a
high-resolution structure of the F pilus solved by cryoelectron mi-
croscopy (Fig. 3B) (26). Intriguingly, at the junction of the pilus with
the OMC, the pilus walls narrow to a very thin density (Fig. 3C). This
thin density connects to a disk domain, whose location in the OMC
eliminates the inward distortion of the OM observed in the F1-CH
complex (Figs. 1D and 3C). The disk has a channel approximating
that of the pilus lumen, but an adjacent plug domain closes off this
channel at the inner leaflet of the OM (Fig. 3 C and E).

In the F1-CH complex, the crest of the “flying saucer”-shaped
OMC forms a ~30° angle as it joins the OM (Fig. 1C). The corre-
sponding region of the F2-CH/Pilus complex forms a sharp 90° angle
(Fig. 3C), creating a more “open” configuration at the OMC-OM
interface. This structural transition appears to be necessary to
accommodate extension of the central cylinder through the base
of the OMC to the inner leaflet of the OM. At this junction,
however, the cylinder pinches together, nearly closing off the
central channel (Fig. 3C). The observed conformational changes
accompanying the F1-CH to F2-CH/Pilus transition (Movie S2)
are of postulated importance for F pilus biogenesis (Discussion).

The F pilus is arranged as an 8.5-nm helical fiber composed of
12.8 TraA pilin subunits per turn. Each pilin forms extensive
networks of contacts with adjacent pilins and monomers in the
upper and lower helical stacks, giving rise to a tightly packed
fiber with constant inner lumen, pilus wall, and outer dimensions
(26). In this structural context, it is evident that the mature pilus
does not span the OMC of the F2-CH/Pilus complex, nor does it
extend through the periplasm (Fig. 3C). To evaluate the struc-
tural contribution, if any, of the F pilus or TraA pilin to the visu-
alized F-encoded complexes, we solved the structures of mutant
machines elaborated by a Afra4 mutant strain. As expected, the
AtraA mutant does not elaborate pili or the F2-CH/Pilus complex.
However, in the F1-CH complex, the OMC and central cylinder
align well with the corresponding substructures from the WT
complex (SI Appendix, Fig. S6A4), establishing that they are not
composed of pilin subunits. Taken together, our findings strongly
support a conclusion that the F pilus nucleates assembly at the OM,
not at the IM or in the periplasm. The biogenesis pathway for F pili
thus differs strikingly from pathways mediating assembly of type IV
pili (which are not related to conjugative pili elaborated by T4SSs)
or type III secretion system needles, both of which polymerize from
IM platforms (SI Appendix, Fig. S6B) (27, 28).

The F2-CH/Pilus complex has the general architecture long
predicted for conjugation machines (SI Appendix, Fig. S2B), but,
surprisingly, corresponded to only a minor fraction (~3-5%) of
the visualized F pilus-associated structures. Another complex,
representing ~90% of these structures, has never been detected
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Fig. 3. In situ structure of the F-encoded F2-CH/Pilus complex. (A) A to-
mographic slice from a representative E. coli minicell and a high magnifi-
cation view showing the F2-CH/Pilus complex with associated F pilus. (B)
Cross-section views show differences in widths of the pilus, cylinder, and
inner membrane complex at positions in C indicated by yellow arrows. (C) A
central slice of the averaged structure of the F2-CH/Pilus complex across the
cell envelope. (D) The OMC shows a 13-fold symmetry in a cross view, and
the IMC shows sixfold symmetry in a cross view. (E) Three-dimensional sur-
face rendering of the F2-CH/Pilus and cutaway view with architectural fea-
tures indicated.

previously and consists of the F pilus attached to a thin, peri-
plasmic stalk (Fig. 44). In this complex, designated the F3-ST/
Pilus, the walls of the F pilus narrow at the OM junction and
the pilus appears to connect to OM-spanning disk/plug domains.
This is reminiscent of the F2-CH/Pilus complex, although in the
F3 structure, the boundaries of the disk/plug domain and the OM
are less defined (Figs. 3C and 4 B and C). Remarkably, the F3-ST/
Pilus completely lacks the OMC and central cylinder. Instead, a
“mushroom-capped” stalk spans the periplasm. The mushroom
cap has a diameter of ~12 nm, is positioned in the PG layer, and
lacks a central channel. The stalk is ~4 nm wide and devoid of
structural detail, but also clearly lacks a channel (Fig. 4 B and C). A

Hu et al.

small density protrudes from the cytoplasmic face of the IM, sug-
gesting that the stalk might span the IM.

The icosahedryl bacteriophage MS2 binds poorly to pED208
pili, but efficiently to F pili elaborated by another F plasmid,
pOX38 (14, 29). pOX38 elaborates only 1-3 pili per cell and was not
well-suited for our structural studies, yet its use enabled visualization
of MS2 phage-bound F pili extending from intact E. coli MC4100
cells. Importantly, MS2 binds efficiently to F pili associated with F2-
CH/Pilus and F3-ST/Pilus basal platforms elaborated by pOX38
(Fig. 4D). These findings confirm that the pili associated with both
basal platforms are F pili and further establish that production of
both types of pilus-associated complexes is a general property of F
plasmids regardless of whether their #ra operons are derepressed
(abundant pili) or repressed (few pili). Moreover, the data show that
F2-CH/Pilus and F3-ST/Pilus structures are elaborated by intact
MC4100 cells and are not unique to minicells, a concept under-
scored by our ability to detect all four F-encoded structures on the
surfaces of intact E. coli UU2834 cells (SI Appendix, Fig. S7A4).

Finally, we also detected other F pilus platforms. One is a variant
of the F2-CH/Pilus complex in which the F pilus binds asymmetri-
cally at the outer edges of the OMC rather than centrally (S Ap-
pendix, Fig. STB). A second, designated as the F4-OM/Pilus, consists
of the F pilus attached to the OM without any associated peri-
plasmic density (Fig. 44 and SI Appendix, Fig. S7A4). These latter F4
complexes corresponded to ~5% of the visualized pilus-associated
structures. We also observed spatial clustering of F1-CH-like

Fig. 4. In situ structures of F-encoded F3-ST/Pilus and F4-OM/Pilus complexes.
(A) Tomographic slices from representative E. coli minicells showing the F pilus
associated with an envelope-spanning stalk (F3-ST/Pilus) or the OM in the ab-
sence of an associated periplasmic density (F4-OM/Pilus). (B) A central slice of
the averaged structure of the F3-ST/Pilus complex and cross views of the pilus,
“mushroom-cap,” and stalk showing the absence of a central channel; cross-
sections views and dimensions are presented for the various structures at po-
sitions indicated by yellow arrows. (C) Three-dimensional surface rendering of
the F3-ST/Pilus complex and cutaway view with architectural features indicated.
(D) MS2 bacteriophage binds to the sides of pOX38-encoded F pili docked onto
F2 and F3 basal structures elaborated by intact E. coli cells.
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complexes with F3 or F4 complexes (SI Appendix, Fig. S7B). These
complexes were scarce and structurally variable, which prevented
detailed structural analysis by in situ CryoET. Nevertheless, their
existence offers insights into the F pilus biogenesis pathway
(Discussion).

Discussion

A Structure-Driven Model for Biogenesis of the F Transfer System.
Our detection of at least four morphologically distinct F plasmid-
encoded structures raises exciting questions about their biogenesis
and biological functions. In a structure-driven model depicted in
Fig. 5, we propose that the F-encoded Tra subunits assemble ini-
tially as a quiescent F1-CH complex. In the absence of a “mating”
signal propagated by recipient cell contact, the F1-CH complex
defaults to the “mate-seeking” mode by transitioning to the F2-
CH/Pilus complex. The F2-CH/Pilus complex functions as a pilus
assembly factory by orchestrating rounds of F pilus extension and
retraction but can alternatively deposit assembled F pili onto dis-
tinct basal platforms to yield the F3-ST/Pilus and F4-OM/Pilus
structures. Upon receipt of a recipient cell signal, the F1-CH
complex transitions to the “mating” mode by recruitment of the
TraD receptor and the F plasmid substrate to initiate translocation.

F2-CH/Pilus Complex: The F Pilus Assembly Factory. The proposed
transition from quiescent F1-CH complex to the F2-CH/Pilus for
pilus assembly is consistent with previous work showing that
nearly identical sets of Tra subunits are required to build both
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Fig. 5. A structure-driven assembly pathway for the F transfer system. Step I:
Tra subunits assemble initially as a quiescent F1-Channel complex. Step II:
The F1 complex transitions to the F2-Channel/Pilus for dynamic extension
and retraction of the F pilus in a “mate-seeking” mode. Dynamic F pilus
extension and retraction by the F2 structure favors formation of distant cell-
cell contacts during low cell density, e.g., planktonic, growth. Step IlI: As-
sembled F pili are alternatively deposited onto distinct platforms, yielding
the F3-Stalk/Pilus or F4-OM/Pilus structures. The presumptively static F3 and
F4 structures promote nonspecific aggregation and biofilm development; in
polymicrobial settings, these dense growth conditions favor formation of
mating junctions. Step IV: Recipient cell contact (lightning bolts) triggers F
pilus retraction and recruitment of the TraD receptor and F plasmid sub-
strate to activate the DNA transfer or “mating” mode. Step V: Following
plasmid transfer, donor and recipient cells disengage and the “mating”
channel reverts to the F1 quiescent complex. The relative percentages of
each complex visualized on E. coli minicells by in situ CryoET are shown.
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the conjugation channel and pilus (30, 31). The F1 to F2 tran-
sition involves major structural changes, particularly in the OMC
and central cylinder (Movie S2). Most notably, the transition is
marked by elongation of the central cylinder through the OMC
to the OM, resulting in formation of a channel that extends from
the IM to the OM. The central cylinder, however, is structurally
distinct from the F pilus and built from a subunit(s) other than
the TraA pilin, and its 3.5-nm central channel cannot accom-
modate the 8.5-nm pilus fiber. The solved F2-CH/Pilus complex
thus constitutes strong evidence that polymerization of the ma-
ture F pilus initiates at the OMC as opposed to an IMC platform.

Early steps of F pilus biogenesis are well-defined or inferred from
work on related systems: (i) newly synthesized TraA propilins in-
tegrate in the IM and undergo proteolytic cleavage and N-terminal
acetylation to generate a membrane pool (32), (i) upon receipt of
an activating signal, TraA monomers are extracted from the IM by a
mechanism dependent on the TraC ATPase (33), and (ii7) during
extraction, each monomer of TraA associates with a molecule of IM
phospholipid (PL) (26). Once extracted from the IM, how are the
potentially thousands of hydrophobic pilin-PL protomers shunted to
the OM for F pilus assembly? A dedicated chaperone might shuttle
the hydrophobic pilin complexes through the periplasm, reminiscent
of the chaperone-usher pathway that directs assembly of Pap/type 1
pili (34). However, we think this model is unlikely because pilin-PL
protomers must move bidirectionally across the cell envelope during
the reversible process of F pilus extension and retraction. Instead,
we propose a two-stage nucleation model in which the membrane-
extracted protomers are recruited to the IMC of the F2-CH/Pilus
complex, where they assemble as a thin protofilament (Fig. 5).
Through sequential addition of protomers to the base of the pro-
tofilament, the protofilament extends through the channel of the
visualized central cylinder, a process that ultimately triggers
the conformational changes accompanying the F1 to F2 transition
(Movie S2). In a stage II nucleation reaction, as the protofilament
protrudes across the OM, it packs into the helical array visualized for
the mature pilus (26). Stage II nucleation proceeds until receipt of a
signal for retraction, whereupon the entire process reverses and
pilin-PL molecules are returned to the IM. This two-stage model is
compatible with the visualized 3-nm channel of the F2-CH/Pilus
complex, a width sufficient to accommodate a thin protofilament,
but not the mature pilus. The model is also compatible with evi-
dence that pilin subunits interact with IMC subunits during pilus
biogenesis (35) and an early finding that F pili grow by addition of
pilin monomers to the base (36). Conceivably, the thinning of the
pilus walls at the pilus—OMC junction observed in the F2-CH/Pilus
complex corresponds to the protofilament—pilus structural transition
(Fig. 30).

In our model, the F2-CH/Pilus is not competent for substrate
transfer when the F pilus is extended. However, evidence exists for
F plasmid transfer through F pili that connect distant donor and
recipient cells (35). This suggests that under certain conditions, the
F2-CH/Pilus complex might be activated to deliver the DNA sub-
strate through an extended pilus. Such translocation events, if they
occur, must be rare given the reported low frequency of plasmid
transfer at a distance (37) and extensive biochemical and ultra-
structural evidence establishing that stable, shear-resistant mating
junctions are required for efficient conjugation (14, 38).

Deposition of F Pili onto Alternative Basal Platforms. The highly
dynamic F2-CH/Pilus structures are difficult to detect in our
structural snapshots, whereas the F3-ST/Pilus complexes abun-
dantly decorate the E. coli cell surface. The F3 platform lacks
densities corresponding to subunits or subassemblies, e.g., TraC
ATPase, OMC, and IMC, that are required for F plasmid
transfer and F pilus biogenesis. F pili associated with F3 plat-
forms must therefore arise by partial disassembly of the F2-CH/
Pilus complex or by movement of the pilus away from the F2
platform. Several observations favor the latter model. First, OMCs
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are intrinsically highly stable due to an extensive network of in-
terfacial contacts among the constituent subunits (6, 8, 9), which
argues against machine disassembly. Second, we observed instances
in which F pili are docked asymmetrically onto the F2 basal com-
plex, or F3-ST/Pilus or F4-OM/Pilus complexes are located next to
pilus-free, F2-like basal platforms (SI Appendix, Fig. STB). We
propose that these structural variants correspond to assembly in-
termediates associated with the F2 to F3 or F4 transitions. Finally,
we observed that the F pilus associates with OM-spanning disk/plug
domains in both the F2-CH/Pilus and F3-ST/pilus complexes (Figs.
3 C and E and 4 B and C). Conceivably, through lateral movement
away from the F2-CH/Pilus complex, the disk/plug domains might
relocate anchored F pili onto alternative basal platforms for dis-
tribution around the cell surface. In our working model, deposition
of F pili onto F3 or F4 platforms is a dead-end pathway for the F
pilus, although it remains possible that these pili are capable of
retraction by an undefined ATP-independent mechanism or by
reattachment onto the F2 platform.

In sum, results of our structural studies suggest that F transfer
systems have evolved two strategies for enhancing the probability of
plasmid transfer. First, they elaborate F2-CH/Pilus complexes,
which function as previously envisioned for conjugation machines by
stochastically building and retracting pili in a “mate-seeking” mode.
This dynamic activity is ideal for establishment of distant contacts
with recipient cells under conditions of low cell density, e.g.,
planktonic growth. Second, assembled pili can be deposited onto
alternative F3 or F4 platforms, either through disassembly of the F2
basal structure or active translocation on the OM. Decoration of the
cell surface with these presumptively static pili would enhance the
probability of intercellular contacts, aggregation, and biofilm de-
velopment. In polymicrobial communities typically found in nature,
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Materials and Methods
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