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R E V I E W

The Ins and Outs of DNA Transfer in Bacteria

Inês Chen,1 Peter J. Christie,2* David Dubnau1*

Transformation and conjugation permit the passage of DNA through the bacterial
membranes and represent dominant modes for the transfer of genetic information
between bacterial cells or between bacterial and eukaryotic cells. As such, they are
responsible for the spread of fitness-enhancing traits, including antibiotic resistance.
Both processes usually involve the recognition of double-stranded DNA, followed by
the transfer of single strands. Elaborate molecular machines are responsible for
negotiating the passage of macromolecular DNA through the layers of the cell
surface. All or nearly all the machine components involved in transformation and
conjugation have been identified, and here we present models for their roles in DNA
transport.

In bacteria, transformation and conjugation

usually mediate the transport of single-

stranded DNA (ssDNA) across one or more

membranes. Transformation involves the

uptake of environmental DNA, whereas

conjugation permits the direct transfer of

DNA between cells (Fig. 1). Other DNA-

transport phenomena in bacteria, such as the

passage of DNA through the bacterial

division septa and those carried out by many

bacteriophages (1), involve the movement of

double-stranded DNA (dsDNA) and will not

be discussed here. Transformation and con-

jugation probably evolved for the acquisition

of fitness-enhancing genetic information, but

other mutually nonexclusive theories posit

that transformation might have evolved to

provide templates for DNA repair or to

supply nutrition for bacteria (2). Today, both

processes are recognized as important mech-

anisms for horizontal gene transfer and

genome plasticity over evolutionary history,

and they are largely responsible for the rapid

spread of antibiotic resistance among patho-

genic bacteria (3, 4).

Bacterial Transformation

Naturally transformable bacteria acquire a

physiological state known as ‘‘competence’’

through the regulated expression of genes for

protein components of the uptake machinery.

Natural transformation has been most studied

in Bacillus subtilis, Streptococcus pneumoniae,

Neisseria gonorrhoeae, and Haemophilus

influenzae. These and other competent bacteria

use similar proteins for DNA uptake, with

few differences between species. An in-

teresting exception is Helicobacter pylori,

which uses a conjugation-like system for

transformation (5). Here, we will discuss the

DNA uptake systems of B. subtilis and N.

gonorrhoeae as representative of those in

Gram-positive and -negative bacteria, re-

spectively (Fig. 1A). The main distinction

between these cell types is that Gram-

negative bacteria are enclosed by cytoplas-
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mic and outer membranes, with an inter-

vening periplasmic space and thin layer of

peptidoglycan (È3 to 7 nm) (6). Gram-

positive bacteria lack an outer membrane,

and their cytoplasmic membrane is sur-

rounded by a È22-nm periplasmic space and

a thick layer of peptidoglycan (È33 nm) (7).

Initial interactions with the bacterial

surface. In both Gram-positive and Gram-

negative bacteria, dsDNA interacts with the

competent cell surface by a process that is

not completely understood. DNA binds to

competent B. subtilis cells in a state that is

resistant to centrifugal washing but susceptible

to added nucleases. ComEA, a membrane-

bound dsDNA binding protein, is required

for transformation (8, 9). In the absence of

ComEA, 20% residual DNA binding still oc-

curs in a competence-dependent manner (8).

Similar results were observed in S. pneumoniae

(10), but the proteins responsible for this

residual binding remain unidentified in both

species. In Gram-negative bacteria, dsDNA en-

ters the periplasm, but in both Gram-negative

and -positive systems, a single strand of DNA

passes across the cytoplasmic membrane while

its complement is degraded (Fig. 1A). DNA is

taken up into the cytosolic space linearly (11),

and a free end is presumably required to initiate

the transport process. In B. subtilis, new termini

are provided by random cleavage events on the

cell surface, catalyzed by the integral mem-

brane nuclease NucA (12).

Efficient DNA uptake in Neisseria and H.

influenzae requires a species-specific DNA

uptake sequence about 10 nucleotides long

(13, 14). The genomes of these bacteria are

enriched for their respective uptake se-

quences, favoring the uptake of homospe-

cific DNA (15). However, sequence-specific

binding receptors have not yet been identified.

Secretins and uptake into the periplasm.

In Gram-negative bacteria, dsDNA becomes

nuclease-resistant as it passes through the

outer membrane (Fig. 1A). This step requires

the presence of a secretin protein (16). Se-

cretins form stable, donut-like multimers in

the outer membrane, with an aqueous central

cavity (17). Secretins are also components

of type-4 pilus, filamentous phage-extrusion

systems, and dedicated protein-secretion

systems, and they are also likely required

for conjugation. For transformation, DNA

probably enters the periplasm through the

secretin channel, although direct evidence

is lacking. The central cavity of the PilQ

dodecamer is 6.5 nm in diameter at its

widest point (17), adequate for the passage

of dsDNA (2.4 nm) or of a DNA-protein

complex.

The competence pseudopilus. Transforma-

tion systems of Gram-negative and -positive

bacteria are made up of subunits with strik-

ing similarities to those needed for assembly

of type-4 pili and type-2 secretion systems.

Type-4 pili are long and thin appendages

that mediate a form of locomotion known as

twitching motility, which is powered by the

extension and retraction of the pilus through

assembly and disassembly. Type-2 secretion

systems export folded-protein substrates

across the outer membrane through a secre-

tin channel. The conserved proteins for all

three systems include a cytoplasmic adenosine

triphosphatase (ATPase) of the AAAþ ATPase

superfamily (ATPases associated with various

cellular activities), a polytopic membrane

protein, a pre-pilin peptidase, and several

pilins or pilin-like proteins (18). In type-4

pilus systems, these proteins mediate the

assembly of the major pilin into the pilus

fibers. Genetic manipulation, e.g., pilin over-

production, of a number of type-2 secretion

systems also results in the production of

pilus-like structures, termed pseudopili

(Y-pili), that extend through the periplasm

and in some cases beyond the cell surface

(19–22).

In B. subtilis, the ComG proteins neces-

sary for DNA binding (23) include the

AAAþ ATPase (ComGA), polytopic mem-

brane protein (ComGB), major pre-pilin–like

protein (ComGC), and three minor pre-pilin

proteins (ComGD, ComGE, and ComGG)

(Fig. 2). The pre-pilin proteins integrate into

the cytoplasmic membrane, and when

processed by the peptidase ComC, these

subunits translocate to the exterior of the

membrane (24). Recently, a polymeric com-

plex dependent on the ComG proteins has

been detected on the exterior of the membrane

(25). This structure, termed a competence Y-

pilus, consists of processed ComGC molecules

joined to one another by disulfide bonds and

by additional noncovalent interactions. The

competence Y-pilus ranges in sizes cor-

responding to 40 to 100 subunits and, on the

basis of length estimates for a secretion Y-pilus

(22) and type IV pili (26), the competence Y-

pilus is long enough to traverse the periplasm

and cell wall (È55 nm) (7).

N. gonorrhoeae produces type-4 pili, and

many proteins needed for pilus formation are

also required for DNA uptake and transfor-

mation, leading to the assumption that pili

participate in DNA uptake. However, there is

evidence that two distinct structures exist in

Neisseria, the type-4 pilus and a competence

Y-pilus, and that these structures apparently

compete for common components and mor-

phogenetic proteins (27, 28).

The growing secretion Y-pilus may act as

a piston, pushing substrate proteins through

the secretin channel in the outer membrane

(18, 29, 30). Analogously, assembly and dis-

assembly of the competence Y-pilus may

contribute to DNA uptake by pulling DNA to

the translocation machine in the cytoplasmic

membrane (Fig. 2). Repeated cycles of as-

sembly and disassembly would result in a low

concentration of maximal-length Y-pilus and

a broad size distribution, as observed for the

B. subtilis competence Y-pili and the secre-

tion Y-pili of Xanthomonas campestris (21).

In single-molecule studies of DNA uptake in

B. subtilis (31), the rate of uptake (È80 base

pairs sj1) was relatively constant with forces

up to 40 pN, without detectable pauses or

reversals. These features, unusual for molec-

ular motors that move along DNA, are

similar to the force characteristics of type-4

pilus retraction in N. gonorrhoeae (32). The

proton motive force may be a source of

energy for DNA uptake; the rate of uptake

decreases sharply with the addition of

uncoupling agents before any detectable

decline in the ATP pool (31). Thus, the pro-

ton motive force might directly drive the

movement of the Y-pilus subunits into the

membrane, causing Y-pilus disassembly and

retraction.

Surface 
adhesins

Conjugative
pilus

Mpf 
channel

Mating
junction

processing
and transport

Plasmid 
regeneration and
  cell dissociation

G+
G-

G-
G+

Fungus
Plant

Human

Transport Transport

Fragmentation

Binding Binding and 
fragmentation

Uptake into
periplasm

Gram Positive Gram Negative Gram Positive Gram Negative

Transformation Conjugation

Substrate

A B

Fig. 1. Comparison of DNA processing and transfer during transformation and conjugation. (A) In
transformation, dsDNA substrates are converted to single-stranded transfer intermediates for
transport across the cytoplasmic membrane. (B) For conjugation, surface adhesins or conjugative
pili mediate donor-target cell contacts. Initial reactions involve the formation of a relaxase–T-DNA
transfer intermediate (green dot joined to black line) and tight mating junctions. Substrate transfer
is probably mechanistically conserved in bacteria, although Gram-negative systems can deliver
substrates, including proteins (green dots), to phylogenetically diverse target cells (77–80).
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Transport across the cytoplasmic mem-

brane and DNA processing. In both B.

subtilis and N. gonorrhoeae, similar poly-

topic membrane proteins (ComEC and ComA,

respectively) are required for DNA trans-

port into the cytosol (8, 33). These large pro-

teins (ComEC contains 776 residues) are

proposed to form channels for the passage of

DNA (34). In addition, the Gram-positive

systems encode a membrane-bound ATPase,

ComFA, that functions in DNA uptake (35).

ComFA resembles the family of Asp-Glu-

Ala-Asp (DEAD) box helicases, and may

assist the translocation of DNA through the

membrane or carry out strand separation. In

S. pneumoniae, the membrane-associated

EndA nuclease degrades the nontransform-

ing strand, even when the ComEC equivalent

is absent (10). In B. subtilis, the identity of

the corresponding nuclease is unknown, but

degradation of the nontransforming strand

seems dependent on passage through or

interaction with ComEC (12).

Cellular location of DNA uptake and the

role of cytosolic proteins. In B. subtilis,

which is a rod-shaped bacterium, DNA

binding and uptake take place preferentially

at the cell poles, where the membrane-

associated proteins ComGA and ComFA

and the cytosolic ssDNA binding protein

YwpH colocalize (36). Several additional

cytosolic proteins participate in transfor-

mation, and some have been shown to as-

sociate with ssDNA entering the cell. In S.

pneumoniae, the Smf protein protects trans-

forming DNA from degradation in the

cytosol (37). The repair/recombination pro-

teins RecN and RecA also localize to the

poles of competent B. subtilis (38). RecN

oscillates from pole to pole, but becomes

static at one pole when transforming DNA

is added. RecA localization depends on

ComGA; when DNA is added, RecA forms

a filament extending from the pole to the

centrally located nuclear body, perhaps fa-

cilitating the search for a homologous site

on the chromosome.

A transformation model. We propose that

repeated cycles of Y-pilus assembly and

disassembly drive a DNA molecule through

the cytoplasmic membrane channel formed

by ComEC and that an unidentified DNA

binding protein anchors DNA to the Y-pilus.

ComEA may ensure processivity by main-

taining contact with DNA as these cycles

push DNA through the channel (8). The

proton motive force might drive disassembly

of the Y-pilus. Finally, the binding energy of

cytosolic ssDNA binding proteins might

provide a pulling force by a Brownian

ratchet mechanism (39), and the helicase/

translocase ortholog ComFA may also assist

uptake.

Conjugation

Most bacterial and some archaeal species

encode conjugation systems, and several

classes of mobile elements exist, including

self-transmissible and mobilizable plasmids,

conjugative transposons, and integrative con-

jugative elements (40). We will restrict the

discussion to a few of the better-characterized,

plasmid-encoded conjugation systems of

Gram-negative bacteria and draw on examples

from the Gram-positive bacteria where infor-

mation is available.

The conjugation apparatus is composed

of a cell-envelope–spanning translocation

channel and either a pilus for Gram-negative

bacteria or surface-localized protein adhe-

sins for Gram-positive bacteria (Fig. 1B)

(41, 42). The mating pair formation (Mpf)

proteins elaborate the extracellular pilus,

and these subunits plus the coupling protein,

here termed the substrate receptor, mediate

substrate transfer across the cell envelope

(43, 44). Agrobacterium tumefaciens elabo-

rates a model conjugation machine from 11

Mpf subunits, VirB1 to VirB11, and the

VirD4 substrate receptor, to deliver onco-

genic transferred DNA (T-DNA) to suscep-

tible plant species (45). Many plasmid

conjugation systems, exemplified by trans-

fer systems of plasmids R388, F, and RP4,

are built from nearly complete sets of VirB/

D4-like subunits, whereas other systems

have only one or two discernible homologs

(41, 42, 44–47). Conjugation and ancestrally-

related translocation machines make up the

large and functionally versatile family of

type-IV secretion systems (46–48).

Processing of the conjugative-transfer

intermediate. The processing of substrate

DNA for conjugative transfer is a widely

conserved reaction among Gram-negative

bacteria and unicellular Gram-positive bacte-

ria (Fig. 1B) (49). A relaxase plus one or

more auxiliary factors initiate processing by

binding the origin-of-transfer (oriT) se-

quence and cleaving the DNA strand des-

tined for transfer (T-strand). The relaxase

remains covalently bound to the 5¶ end of the

T-strand, resulting in the formation of the

relaxase–T-strand transfer intermediate. This

processing reaction clearly is distinct from

the strand-specific degradation pathways

operating during transformation. Also in

contrast to the competence systems, signals

conferring substrate recognition are carried

not by the DNA but by the relaxase; these

minimally consist of positively charged or

hydrophobic clusters of C-terminal residues

and are found in other protein substrates as

well (50–52). Conjugation systems thus are

currently viewed as protein-trafficking sys-

ATP

ADP + Pi

PMF

C
GA

GB

EA

EC
FA

DNA-binding
     protein (?)

nuclease (?)

     ssb 
proteins

RecA

chromosomal DNA

exogenous DNA

membrane

    ψ-pilins

Fig. 2. DNA uptake during transformation in B. subtilis. The uptake machinery is preferentially located
at the cell poles. The Y-prepilins are processed by the peptidase and translocate to the outer face of
the membrane. With the aid of the other ComG proteins, the major Y-pilin ComGC assembles into
the Y-pilus, which attaches exogenous DNA via a hypothetical DNA binding protein. Retraction of the
Y-pilus, driven by the proton motive force, and DNA binding to the receptor (ComEA) are required to
transport one strand of DNA through the membrane channel (ComEC) while the other is degraded by
an unidentified nuclease. The helicase/DNA translocase (ComFA) assists the process, along with
ssDNA binding proteins that interact with the incoming DNA. RecA forms a filament around the
ssDNA, and mediates a search for homology with chromosomal DNA. ADP, adenosine diphosphate; Pi,
inorganic phosphate; PMF, proton motive force; ssb, single-stranded DNA binding protein.

G E T T I N G A C R O S S T H E M E M B R A N EG E T T I N G A C R O S S T H E M E M B R A N E

2 DECEMBER 2005 VOL 310 SCIENCE www.sciencemag.org1458

S
P
E
C
IA

L
S
E
C
T
IO

N

 o
n 

M
ay

 1
5,

 2
01

2
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/


tems that have evolved the capacity to rec-

ognize and translocate relaxases and, only

coincidentally, ‘‘hitchhiker DNA’’ (53).

Definition of a DNA substrate translocation

route. The processed DNA substrates are

recruited to the cognate conjugation apparatus

by VirD4-like receptors. These receptors are

multimeric ATPases (54), and they are

defining components of Gram-negative and

-positive conjugation systems (43, 55–59).

Members of this protein family might also

function as cytoplasmic membrane trans-

locases, which is suggested by a structure

of the TrwB receptor of plasmid R388

presenting as a spherical homohexamer

with an N-terminal transmembrane stem and

a central 2-nm channel (43, 59). However,

VirD4 receptors cannot mediate transport

independently of the Mpf proteins, e.g., VirB

components. In A. tumefaciens, the VirD2

relaxase–T-strand intermediate forms a se-

ries of spatially and temporally ordered close

contacts with six VirB/D4 machine subunits

during translocation (Fig. 3) (58). Upon sub-

strate docking, VirD4 delivers the transfer

intermediate to the VirB11 ATPase, a mem-

ber of the AAAþ superfamily positioned at

the inner face of the cytoplasmic membrane

(60, 61). This reaction proceeds in the ab-

sence of ATP use by VirD4 and VirB11, but

requires several other subunits distributed

across the cell envelope that probably con-

tribute to the structural integrity of the cyto-

plasmic membrane translocase (62, 63).

Next, the relaxase–T-strand is delivered

sequentially to the integral cytoplasmic mem-

brane components VirB6 and VirB8 by

mechanisms dependent on ATP energy con-

sumption by VirD4, VirB11, and a third

ATPase of this system, VirB4 (Fig. 3) (62).

VirB6 is a polytopic membrane protein and

might function as a water-filled channel

through which the substrate passes, reminis-

cent of B. subtilis ComEC discussed above

(64). Finally, the substrate is delivered to

two periplasmic/outer membrane–bound

subunits, VirB2 pilin and VirB9. On the

basis of the demonstrated substrate contacts,

VirD4, VirB11, VirB6, VirB8, VirB2, and

VirB9 are postulated to make up the mating

channel for DNA transfer across the A.

tumefaciens cell envelope (58). Gram-positive

systems possess VirD4- and VirB4-like sub-

units that probably also form part of the

membrane translocase (42).

Structural and energetic requirements for sub-

strate translocation through the periplasm and

outer membrane. The mating channel extend-

ing through the periplasm has been depicted

as a rudimentary pilus (Fig. 3) (40, 44, 45).

Alternative models exist, most notably one

postulating that the VirB2 pilin undergoes

cycles of assembly and disassembly to form

a dynamic piston (47). This model is rem-

iniscent of that proposed above for the

competence Y-pilus, but here a VirB2 piston

would supply the force needed for passage of

DNA across the outer rather than the cy-

toplasmic membrane. VirB9-like subunits

presently are the best candidates among the

VirB components for forming an outer-

membrane pore or channel (41, 45). These

outer-membrane components share sequence

similarities with the pore-forming secretins

and, like secretins, they often form stabiliz-

ing interactions with cognate lipoproteins

(41, 45, 65). A. tumefaciens VirB9 confers

selective trafficking of different relaxase–T-

strand substrates through the distal portion of

the secretion channel, also reminiscent of

substrate-specifying activities reported for

secretins (66, 67). VirB2 pilin and VirB9

secretin-like components are found in nearly

all conjugation systems of Gram-negative

bacteria but not Gram-positive bacteria, sug-

gesting that mechanistic differences proba-

bly exist for translocation to the surfaces of

these cell types (42, 45).

Both ATP energy and proton motive

force are needed for conjugative DNA trans-

fer (68). In A. tumefaciens, the VirD4 and

VirB11 ATPases convert ATP energy to a

mechanical force by inducing a structural

transition in the cytoplasmic membrane

subunit VirB10 (Fig. 3) (69). In turn, en-

ergized VirB10 forms a stable complex with

secretin-like VirB9 at the outer membrane.

VirB9-VirB10 complex formation is a pre-

requisite for the passage of DNA substrates

from the portion of the channel composed

of VirB6 and VirB8 at the cytoplasmic

membrane to that composed of VirB2 and

VirB9 (69). Energized VirB10 might phys-

ically bridge machine subassemblies at the

two membranes or, alternatively, trigger

gate opening at the distal portion of the

secretion channel. Intriguing structural and

functional similarities exist between VirB10-

like subunits of conjugation systems and

the TonB family of energy transducers,

although the former sense ATP energy and

the latter sense the proton motive force

(69).

Roles of extracellular structures and the

nature of the donor-recipient cell contact. In

Fig. 3. Conjugative DNA transfer through the A. tumefaciens VirB/D4 system. DNA and protein
substrates dock initially at the VirD4 receptor, then transfer in succession to the channel components
VirB11 ATPase, VirB6, and VirB8, and finally VirB2 and VirB9. Three ATPases (VirD4, VirB4, VirB11)
energize DNA substrate transfer through the membrane translocase comprised of either or both
VirD4 and VirB6. The DNA substrate translocates to the cell surface via a channel comprised of VirB2
pilin and secretin-like VirB9. ATP energy also induces a structural transition (double-ended arrow) in
VirB10 to mediate substrate transfer to the distal portion of the secretion channel.
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Gram-negative bacteria, the pilus mediates

initial attachment of donor cells with recip-

ient cells. In the Eschericia coli F plasmid

system, the pilus retracts and is postulated to

function dynamically to bring donor and

recipient cells into contact to form the mating

junction (41). In contrast, the A. tumefaciens

VirB/D4 system and related plasmid trans-

fer systems, e.g., RP4, R388, and pKM101,

lack the Mpf subunits dedicated to F pilus

retraction (70), and these systems most

probably release their pili from the cell sur-

face either by breakage or an active slough-

ing mechanism (Fig. 3) (44, 45). Such pili

probably function as adhesive structures,

resembling the surface adhesins of Gram-

positive conjugation systems, e.g., E. faecalis

pCF10-encoded aggregation substance, by pro-

moting aggregation of donor and recipient

cells (71).

Conjugative pili extending from the cell

surface induce the formation of mating pairs

but probably play no direct role in substrate

transfer. Conjugative junctions visualized by

electron microscopy appear as tightly apposed

outer membranes devoid of structures, e.g.,

pili, and they typically exceed 100 nm along

the cell length (72). These findings, plus new

evidence for interactions between membrane

proteins of donor and recipient cells (73),

suggest that donor and recipient cell mem-

branes might undergo extensive remodeling

during the formation of mating junctions.

Additionally, mutations in certain Mpf sub-

units of the plasmid RP4 and A. tumefaciens

VirB/D4 machines genetically ‘‘uncouple’’

two pathways, one leading to the formation

of the pilus, the other to a functional secretion

channel (45, 74). Thus, reminiscent of the

neisserial competence and type-4 pilus systems

discussed above (28), the Mpf subunits might

assemble alternatively as a secretion channel

or an extracellular pilus (45).

Spatial positioning of the conjugative

transfer apparatus. Conjugation components

and pili display both distributed and polar

patterns of localization. Conjugation compo-

nents and pili of the plasmid R27 system

localize at many sites around the cell surface

(75). In contrast, VirB subunits and pili of

the A. tumefaciens VirB/D4 assemble at the

cell poles (76). The VirD4 T4CP also is

polar-localized where it recruits a green fluo-

rescent protein (GFP)–tagged protein sub-

strate, strongly suggesting that this is the site

for translocation (57). In this plant pathogen,

a polar-localized conjugation machine might

have evolved as a specialized adaptation for

substrate transfer to susceptible hosts.

Summary

The early reactions mediating processing of

dsDNA to translocation-competent ssDNA

substrates clearly are strikingly different for

transformation and conjugation systems. Yet

for both systems, the actual process of ssDNA

transport across bacterial membranes might be

more mechanistically conserved than previous-

ly envisioned. Both systems probably use

similar strategies for substrate passage through

the following: (i) the outer membranes of

Gram-negative bacteria (via secretin com-

plexes), (ii) the periplasm or cell wall (pilus-

or Y-pilus–mediated), and (iii) the cytoplasmic

membrane (at least in part through a water-

filled channel composed of a polytopic mem-

brane protein). Both systems also appear to use

AAAþ ATPases and proton motive force to

induce dynamic structural changes for trans-

location. Finally, at least one conjugation-like

machine, the H. pylori Com system, has

evolved for DNA acquisition (5).
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