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Kinetics of DNA uptake during transformation provide
evidence for a translocation ratchet mechanism
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Horizontal gene transfer can speed up adaptive evolution and
support chromosomal DNA repair. A particularly widespread mechanism
of gene transfer is transformation. The initial step to transformation,
namely the uptake of DNA from the environment, is supported by
the type IV pilus system in most species. However, the molecular
mechanism of DNA uptake remains elusive. Here, we used single-
molecule techniques for characterizing the force-dependent veloc-
ity of DNA uptake by Neisseria gonorrhoeae. We found that the
DNA uptake velocity depends on the concentration of the periplas-
mic DNA-binding protein ComE, indicating that ComE is directly
involved in the uptake process. The velocity—force relation of
DNA uptake is in very good agreement with a translocation
ratchet model where binding of chaperones in the periplasm
biases DNA diffusion through a membrane pore in the direction
of uptake. The model yields a speed of DNA uptake of 900 bp-s~'
and a reversal force of 17 pN. Moreover, by comparing the velocity-
force relation of DNA uptake and type IV pilus retraction, we can
exclude pilus retraction as a mechanism for DNA uptake. In con-
clusion, our data strongly support the model of a translocation
ratchet with ComE acting as a ratcheting chaperone.

molecular motor | translocation ratchet | bacterial transformation |
gene transfer

he question of how polymers translocate across membranes is

ubiquitous in cell biology. For example, precursor proteins
are transported from the cytoplasm into mitochondria or the en-
doplasmic reticulum (1, 2). Furthermore, packaging and ejection
of DNA into and out of viral capsids involve the translocation of
DNA through narrow pores (3, 4). During horizontal gene transfer,
DNA travels through narrow constrictions within the bacterial cell
envelope (5, 6).

Various molecular models have been proposed to understand
how directional movement of polymers through nanoscopic
pores is generated (2). They include cyclic molecular motors that
bind to and transport the translocating polymer via repeated
conformational changes driven by ATP hydrolysis. The translocation
ratchet model has been proposed by Peskin et al. (7) and Simon et al.
(8). In this concept, the polymer diffuses within a membrane
pore. Chemical asymmetries can bias the Brownian walk of the
chain. Experimental examples for such asymmetries include
compaction of DNA during DNA injection into host cells by the
Agrobacterium tumefaciens type 4 secretion system (9) and cal-
cium-induced folding of proteins exported by the type 1 secretion
system of Bordetella pertussis (10). A conceptually simple mech-
anism for ratcheting would be the existence of molecules
(chaperones) binding to the polymer only on one side of the
membrane; they hinder backward diffusion and thus bias the
polymer translocation. The model proposed by Peskin et al. (7)
predicts a velocity vs. force relationship for this ratcheting
mechanism that has not been tested experimentally so far.

DNA translocation across the cell envelope is crucial for
bacterial transformation (11). Transformation is the import and
inheritable integration of DNA from the environment. A large
number of bacterial species are naturally competent for trans-
formation (12). Although the genes essential for transformation are
well described for various species, little is known about the
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molecular mechanism driving DNA import (6, 13). The trans-
formation system shares several structural and functional features
with the type 4 pilus system (T4PS) and the type 2 secretion system
(T2SS) (14) (Fig. S1). The only known exception is Helicobacter
pylori; it has adapted a type 4 secretion system (T4SS) for DNA
uptake (15). DNA uptake by Gram-negative Neisseria gonorrhoeae
requires the proteins known to be necessary for biogenesis of T4P
(Fig. S1). They include the major pilin subunit (PilE) that poly-
merizes to form pili (16). In the outer membrane PilQ proteins form
the secretin pore for the pilus (17). Both proteins are essential for
DNA uptake (17). The secretin assembly has DNA-binding prop-
erties and is part of a complex that spans the outer and inner
membranes (18, 19). In the cytoplasm, the ATPase PilF is required
for pilus biogenesis (20). In addition to the proteins required for
T4P assembly, various additional proteins are essential for DNA
import. In the cytoplasm the pilus retraction ATPase PilT is nec-
essary for transformation (21). Within the periplasm, the DNA-
binding protein ComE is essential for DNA uptake (22). In the
absence of transforming DNA, ComE is distributed homogeneously
within the periplasm and rapidly colocalizes with imported DNA
(23, 24). ComE governs the carrying capacity of the periplasm for
DNA in a gene-dosage—-dependent way (23). In N. gonorrhoeae and
other competent species, transport through the outer membrane is
uncoupled from transport through the inner membrane (25-27).
Single-stranded DNA is transported through a pore formed by
ComA through the inner membrane (28). The probability of DNA
uptake is strongly enhanced by the presence of the DNA uptake
sequence (DUS) (29). This 12-bp-long sequence occurs at high
frequency on the gonococcal genome, conveying species-specific
recognition of DNA. Double-stranded but not single-stranded DUS
enhances the probability of DNA uptake (30). The minor pilin
ComP is responsible for binding the DUS and DNA import is
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Fig. 1. Probability of DNA binding and uptake. (A) Scheme of the experi-
mental setup. A bead coated with DNA is trapped in an optical trap and
placed close to a bacterium. (B) A binding event is defined as a deflection of
the bead from the center of the trap exceeding 20 pN while the bead was
moved away from the bacterium. Shown are binding probabilities of WT
(Ng003), AcomP (Ng031), ApilV (Ng005), and ApilV (Ng005) with plain beads.
(C) Typical DNA uptake event at F = 4 pN. (C, Upper) Time lapse; (C, Lower)
distance A between bacterium and bead as a function of time. (D) Proba-
bility of DNA uptake subsequent to binding with ApilV and AcomP.

strongly inhibited when comP is deleted (31, 32). PilV has an an-
tagonistic character, and its deletion increases the probability for
DNA binding and uptake (33).

Previously, we have shown that a strong molecular machine drives
uptake of DNA in Gram-positive Bacillus subtilis. B. subtilis shares
most of the genes essential for T4P assembly with N. gonorrhoeae,
but it lacks an outer membrane. DNA uptake proceeded at a ve-
locity of ~80 bp-s™ up to external forces of 50 pN (34). In contrast,
DNA uptake was reversible at forces of ~20 pN in the Gram-
negative H. pylori (26). The velocity of DNA uptake, however, was
considerably faster with 1.3 kbp-s™ at 10 pN. H. pylori has adapted a
type IV secretion system for DNA uptake (15). Therefore, char-
acterizing the biophysical properties of the T4P/T2SS-based DNA
uptake system in a Gram-negative species will close an important
gap of knowledge.

We hypothesized that DNA is imported into the periplasm
through a translocation ratchet mechanism based on the following
data: (i) Uptake of DNA into the periplasm decouples from up-
take into the cytoplasm (23). Because ATP is not available in the
periplasm, it is unlikely that an ATP-dependent motor drives
DNA uptake. Similarly, no ion gradient is maintained over the
outer membrane. (ii) The periplasmic DNA-binding protein
ComE is essential for DNA import into the periplasm (22, 23) and
depicts an ideal candidate for biasing the direction of DNA
movement through the membrane. (iii) Single-cell studies of DNA
uptake show that the secondary structure of DNA has only a
minor effect on uptake kinetics (30), arguing against a machine
that requires a tight fit on its substrate. Here, we characterized the
velocity—force relation of single-DNA import and found that it is
consistent with the model of a translocation ratchet. Moreover, we
show that reducing the concentration of ComE reduces the speed
of DNA uptake, in agreement with its role as a ratcheting
chaperone.
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Results

DNA Binding and Uptake. We aimed at quantifying the velocity of
DNA uptake at the single-molecule level. To this end, we generated
10-kbp DNA fragments that contained the 12-bp DUS (29) at one
extremity and multiple biotin tags at the other end (Fig. S2).
Streptavidin-coated beads were incubated with the modified DNA
as described in Materials and Methods. In the first step, we de-
termined the binding probability of DNA to gonococci. To this end,
a DNA-coated bead was trapped in the optical trap and placed in
close proximity to a diplococcus. After about 30 s, the trapped bead
was moved away from the cell in 100-nm steps to test for deflection
of the bead and thus binding (Fig. 14). A binding event was defined
as a deflection of the bead from the center of the trap exceeding
20 pN. Roughly half of the attempts with WT cells resulted in DNA
binding (Fig. 1B). In all of our strains (Table S1) recA expression is
repressed to inhibit gene conversion in the pilin locus (35). Using
uncoated beads that were treated like DNA-coated beads but
without adding DNA, only 7% of the attempts resulted in binding,
indicating that binding was mostly specific to DNA. Next, we tested
whether the presence of the minor pilin ComP affected the prob-
ability of binding. ComP was shown to bind specifically to the DUS
(31) but its abundance within the pilus is low compared with the
major pilin PilE. With our assay we found no significant difference
in binding probability between a comP deletion strain and the WT
(Fig. 1B), in agreement with mostly unspecific binding of DNA to
either T4P or the cell surface in general (32). Finally, we in-
vestigated the binding probability to gonococci that had the gene for
the minor pilin pill” deleted. pill” deletion is known to increase the
binding and uptake probability (33). With this strain, the binding
probability was significantly higher than for WT (Fig. 1B), sug-
gesting that specific binding occurs more frequently.

For the following reasons, the Apill” strain was used to study
DNA uptake. First, the binding probability is higher than for the
WT, which did not show comP-dependent binding in our tests.
Second, it is known that the DNA uptake efficiency is drastically
enhanced (33) and therefore the success rate of the single-molecule
experiment is much higher. Third, pill” deletion strongly inhibits
surface motility compared with WT, which substantially benefits
the assay. Finally, the binding and retraction probabilities of T4P to
the beads are strongly reduced. WT gonococci would bind to and
retract beads at a frequency of ~1 s~ (36), interfering with the
quantification of DNA uptake.

We detected DNA uptake as follows. A DNA-coated bead was
trapped in the laser trap. Subsequently, binding was tested as
described above. If the deflected bead was at a distance sufficient
for observing DNA uptake, the measurement was started at a
force of 10 pN as determined by four-quadrant photodiode
(QPD) detection. If necessary, the force was reduced to trigger
DNA uptake. If DNA uptake could not be directly started, at-
tempts to extract DNA possibly already imported into the cell
were made by applying higher forces (DNA extraction is de-
scribed in detail in Fig. 3). If extraction was successful, the force
was decreased once more to allow for reuptake of the extracted
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Fig. 2. The uptake velocity depends on the concentration of ComE. Shown
is average speed of DNA uptake for ApilV (Ng005, n = 22) and ApilV
AcomE3, (Ng052, n = 10) at F = 4 pN.
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Fig. 3. DNA uptake is reversible upon application of force. Typical time series of DNA uptake and extractions (Ng005) are shown. (A, Upper) Force; (A, Lower)
distance between bead and bacterium A as a function of time. For presentation, the data were down-sampled to 1 Hz. Colors guide the eye. Events marked in blue are
retraction, and those in red are extraction. More opaque colors signify stronger forces. At A < 1.3 pm, tracking was not reliable because bacterium and bead were in
contact. (B, Lower) Zoom-in to the distance between bead and bacterium. (B, Upper) Corresponding time-lapse microscopic images.

DNA. A typical DNA uptake event at an external force of F = 4 pN
is shown in Fig. 1C. While DNA is imported, the length of the
tether between the bead and the bacterium, A, shortens continu-
ously. DNA uptake can be clearly distinguished from T4P retraction
events because the speed is significantly slower. The speed of WT
T4P retraction was v(8 pN) = (2,050 + 30) nm/s (Fig. S34) (36, 37).
To ensure that deletion of pill” did not affect the speed of T4P
retraction, we characterized T4P retraction in the Apill” strain and
found v, A8 pN) = (2,010 = 30) nm/s (Fig. S3B) in agreement with
the WT data.

As a control showing that the DNA uptake events observed were
specific to the gonococcal DNA uptake system, we attempted to
observe DNA-tether shortening in a AcomP strain. Deletion of
comP has been shown to inhibit DNA uptake (32). To this end, a
DNA-coated bead was trapped in the optical trap and placed ad-
jacent to a diplococcus, followed by the procedure to establish DNA
uptake described above. For each change of force, the bead was
monitored for a sufficient amount of time to decide whether DNA
uptake might have started. Whereas the probability that DNA
binding resulted in uptake was p s = (0.39 + 0.06) for the Apill/
strain (Fig. 1D), the probability for the AcomP strain was p g =
(0.03 £ 0.03), i.e., in agreement with full inhibition of DNA uptake.

The beads were coated with multiple DNA molecules to in-
crease the probability of detecting a DNA-uptake event. Even so,
only a fraction of ppn.4,, = 0.39 of the binding events resulted in
DNA uptake. The probability that two DNA molecules were
taken up simultaneously would be (ppnawp - pDNAbl-,,d)2 = 0.09.
Here, the binding probability is most likely overestimated, be-
cause transient binding events were included in Fig. 1B, but were
not quantified for determining the DNA uptake probability
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(Fig. 1D). Even if two uptake events had started within a short
period, it would have been very unlikely that both uptake events
were detected because the DNA tethers would have different
lengths and only the shortest tether would register. We conclude
that less than 10% of the analyzed DNA uptake events were
caused by the import of more than one DNA molecule and that
these events were very unlikely to affect our data analysis in a
significant way.

In summary, we were able to characterize the kinetics of
gonococcal DNA uptake during transformation as a function of
force at the level of single DNA molecules.

The Velocity of DNA Uptake Depends on the Periplasmic DNA-Binding
Protein ComE. The periplasmic DNA-binding protein ComE is
necessary for DNA import into the periplasm and for trans-
formation (22). If ComE acted as a chaperone, biasing diffusion
of DNA by binding, then its concentration would be expected to
affect the translocation time and speed (38). We tested whether
the concentration of ComE affected the speed of DNA import by
deleting three of the four identical copies of comE generating
ApilV AcomE3,. In bulk experiments, the AcomE,;, strain
showed severe reduction of DNA uptake and transformation ef-
ficiencies and of ComE concentration, but their levels were above
background levels (22). We found that the speed at F = 4 pN was
reduced from v = (194 + 47) nm/s in the Apill/ strain tov = (71 +
26) nm/s in the Apill’ AcomE,;3, strain (Fig. 2). We conclude that
the concentration of ComE affects the speed of DNA import.

Gonococcal DNA Uptake Is Reversible at High Force. DNA uptake by
the Gram-positive B. subtilis using the T4P system is irreversible
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Fig. 4. Velocity vs. force relationship of DNA uptake (Ng005). Shaded open
circles, raw data; solid circles, data binned over 6-25 data points. Error bars:
SEM. Solid line: fit to Eq. 1 with a = (1.6 + 0.3) nm, D = (250 + 100) nm2s~",
K =0.0012 + 0.0008.

up to high forces exceeding F = 50 pN (34). On the other hand,
DNA uptake by Gram-negative H. pylori using the T4S system is
reversible at F' = 23 pN (26). Here, we tested whether DNA uptake
in Gram-negative N. gonorhoeae using the T4P system is re-
versible. To this end, we used the force-clamp mode for changing
the external force during a DNA uptake event (Fig. 3). We found
that DNA previously imported at low force could be extracted by
increasing the force. Fig. 34 shows a typical trace of the length
change A of the DNA tether between the bacterium and the bead.
While the force was kept constant, there was little variation in the
speed of DNA uptake or extraction. Upon changing the force,
jumps in the tether length were observed; these rapid length
changes can be assigned to the elastic properties of DNA (Fig. 3B).
Multiple rounds of import and extractions were observed.

We note that we observed rare events of continuous reduction of
DNA uptake speed (Fig. 34, t ~ 30 s) or abrupt stalling of DNA
uptake (Fig. 34, t ~ 70 s). There are various explanations for this
behavior. When the distance fell below A < 1.3 pm, then bead and
bacterium were in close contact and the data were dismissed from
further analysis. We have shown previously that the periplasm is
saturable with 40 kbp DNA and that ComK governs the carrying
capacity in a gene-dosage—dependent fashion (23). With our 10-kbp
DNA substrate we do not expect to saturate the periplasm. How-
ever, we cannot rule out that free DNA (whose concentration we
reduced to a minimal level by extensive washing) is taken up and
causes saturation occasionally.

In conclusion, DNA uptake in N. gonorrhoeae is reversible
under application of external force.

The Velocity vs. Force Relationship Is in Agreement with a
Translocation Ratchet Model. Conceptually, the simplest mecha-
nism for translocation of a DNA molecule through a pore is the
translocation ratchet (see Fig. 54) (8). The idea behind this model
is that DNA diffuses through the pore in the outer membrane. The
diffusion process is rectified by binding of proteins (chaperones)
that are present in the periplasm but not within the extracellular
space. In this scenario, the movement is generated by Brownian
motion and the energy required for biasing the direction is pro-
vided by the binding energy of the chaperones. In the imperfect
translocation ratchet model proposed by Peskin et al. (7), a rod
diffusing in the pore is considered with a diffusion coefficient D.
The rod carries ratchet sites with a spacing a between two sites for
chaperones. A ratchet site can freely cross the origin from the
extracellular side to the periplasm, but it is reflected when it at-
tempts to cross the origin from the periplasm to the extracellular
space provided that a chaperone is bound, with a probability p. This
probability is related to the dissociation constant K =ko/kon =
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(1-p)/p. For K > 0, the direction of DNA translocation is re-
versible when the extracellular force is sufficiently high. With
increasing K, the directional bias (and thus the DNA uptake
speed) is expected to decrease. The model describes the velocity—
force relation of polymer translocation (7) (Supporting Infor-
mation, SI Description of Translocation Ratchet Model)

2
=2 12 [

a v —1
(m) -—w

where w=Fa/kpT.

We tested this velocity vs. force relation by plotting velocity data
(obtained from data shown in Fig. 3 and other DNA uptake
events) as a function of the external force (Fig. 4). The fit to Eq. 1
was restricted to the region F < 65 pN, because we expect the
transition of the secondary structure of DNA around F ~ 65 pN (39).
Eq. 1 describes the velocity—force relation of DNA uptake in
N. gonorrhoeae well with a = (1.6 + 0.3) nm, D = (250 + 100) nm*s ",
K =0.0012 + 0.0008.

Using these fit parameters, we can estimate the speed v, at
which the DNA would be taken up in the absence of exter-
nal force applied by the laser tweezers, i.e., F = 0 (7) (Sup-
porting Information, SI Description of Translocation Ratchet
Model). Without external force, vo=2Da '(1+2K)™'=
(310+180) nm-s~1 = (900 £ 500) bp-s~'. Moreover, we obtain
the reversal force F,, where, on average, the system switches from
uptake to extraction F, =kgTa~! In(1+K~')=(17+2) pN.

To confirm that the kinetics of DNA uptake observed in this
study were independent of transport through the cytoplasmic
membrane, we repeated the experiment using a comA deletion
strain. ComA is essential for transport of DNA through the cy-
toplasmic membrane but does not affect DNA uptake into the
periplasm (28). We found that the force-dependent velocity was
independent of comA (Fig. S4), indicating that we observed
transport of DNA through the outer membrane with our assay.

To summarize, the velocity vs. force relation of DNA is in very
good agreement with the model of the translocation ratchet.

Discussion

The Force-Dependent Velocity Is Consistent with a Translocation
Ratchet Driven by ComE. By measuring the velocity of DNA length
change at varying force we found that DNA import into the

Outer membrane motor outerb
Ko = ° membrane
© comE
E. < E o periplasm
out oyt O Kot ® .
. 7 cytoplasmic
Cytoplasmic membrane motor membrane
T4P / T2SS T4SS
gram positive Fr > 50 pN
F- =17 pN Fr =23 pN

gram negative

Fig. 5. Force generation by cytoplasmic and outer membrane motors. (A) Hy-
pothetical model for DNA transport through the Gram-negative cell envelope. A
translocation ratchet drives uptake of DNA from the environment into the
periplasm by reversible ComE binding. For transport across the inner membrane
to occur, ComE must unbind. B. subtilis data suggest that in agreement with this
prerequisite, the force generated by the cytoplasmic motor is considerably
larger. (B) Reversal forces for B. subtilis (34), N. gonorrhoeae, and H. pylori (26).
TAP/T2SS, type 4 pilus/type 2 secretion system; T4SS, type 4 secretion system.
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periplasm of N. gonorrhoeae is reversible. The v(F) relation is in very
good agreement with the relation predicted for an imperfect trans-
location ratchet mechanism (7). As there is no ATP in the bacterial
periplasm and no ion motive force is maintained across the outer
membrane, various other mechanisms could contribute to rectifying
thermal motion of a polymer through a pore, including binding and
dissociation of chaperones, chain coiling, or cross-linking (8). Our
data are consistent with ComE acting as a chaperone for the fol-
lowing reasons. We have shown that the ComE concentration affects
the translocation speed. Reduction of the translocation speed with
decreased concentration of chaperones is in agreement with Langevin
dynamics simulations of chaperone-assisted polymer translocation
(38). Moreover, previous reports have shown that ComE binds
DNA and is essential for DNA uptake (22). In the absence of
periplasmic DNA it is homogeneously distributed within the per-
iplasm and relocates to the incoming DNA within minutes (23).
The binding energy of ComE to DNA most likely provides the fuel
for biasing diffusion of DNA through the secretin in the outer
membrane. Considering the low dissociation constant of K =
0.0012 provokes the question of how ComE is recycled from the
periplasmic DNA. ComE bound to periplasmic DNA is likely to
dissociate with time, because DNA is either transported into the
cytoplasm or degraded by the thermonuclease Nuc (30). These
processes can release ComE, making it available for driving import
of new DNA. Thus, previous reports together with our present
findings indicate that ComE is an important chaperone, ratcheting
DNA from the environment to the periplasm during gonococcal
transformation.

The model assumes a constant length a between two binding
sites (7). ComE binds to double-stranded DNA without apparent
sequence specificity (22). Thus, we expect that the size of ComE
exceeds the distance between two possible binding sites, namely
the distance between two base pairs (0.34 nm). Therefore, the
lower limit would be given by the size of the protein. The structure
of the ComE homolog of Thermus thermophilus HBS, ComEA,
shows a protein diameter of ~2 nm (https://www.ncbi.nlm.nih.gov/
Structure/mmdb/mmdbsrv.cgi?uid=52976). Thus, the value of a =
1.6 nm obtained from the fit to our data is a reasonable value. The
low dissociation constant K = 0.0012 indicates that ComK has a
high affinity to DNA in the periplasm. This observation is in good
agreement with recent cell biological experiments showing that
ComE forms foci at the entry site of transforming DNA (23).
Various other parameters are expected to affect the free energy
barrier for DNA translocation. For example, the change of chain
entropy can play a role during the translocation process (40).
However, because multiple (~70) binding sites for the ratcheting
protein are present on a single Kuhn segment, we expect that this
effect is negligible. The fact that the simple translocation ratchet
model proposed by Peskin et al. (7) fits our data very well further
indicates that molecular crowding within the periplasm (41) is most
likely negligible. Different theoretical approaches to molecular
motor modeling have been developed (42). Inserting mutations in
ComE would allow for testing whether the model of the imperfect
translocation ratchet used to describe the data in this study applies
over a range of binding energies or whether other (more sophis-
ticated) molecular motor models must be employed.

Type IV Pilus Retraction Does Not Directly Drive DNA Import. Genes
that are essential for T4P biogenesis and retraction are also es-
sential for DNA uptake (11). The mechanistic role of the T4P
proteins in DNA uptake remains unclear. Two major scenarios
have been proposed. First, the T4P “fishes” for DNA at the ex-
tracellular side and by retraction through depolymerization, it takes
the DNA along into the periplasm (5, 6, 43). Extended compe-
tence-associated T4P polymers have been found in Strepfococcus
pneumoniae and Vibrio cholerae but not in B. subtilis (27, 44, 45). A
second scenario assumes the formation of an alternative DNA-
uptake complex by T4P proteins.
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By comparing the force-dependent kinetics of DNA uptake
characterized in this study with the kinetics of T4P retraction, we can
exclude T4P retraction as a mechanism for DNA uptake. If DNA
was brought into the periplasm along with the retracting pilus, then
we would expect that the velocity—force relations of T4P retraction
and DNA uptake were comparable. Single T4P retract at a speed
of v ~2 pms~' at F = 8 pN and the maximum force of T4P re-
traction exceeds 100 pN (46) (Fig. S3). The characteristic length of a
T4P is ~1 pm (47). Therefore, if DNA was transported by binding to
retracting T4P, we would expect to find periods of time during which
DNA uptake proceeds at v ~ 2 um-s ' followed by pauses. This
result is in disagreement with our experimental observations.

Our data are consistent with a role of T4P proteins in forming
a specific DNA uptake complex that allows DNA to diffuse
through the outer membrane into the periplasm where the dif-
fusion is biased by ComE. The role of the T4P retraction ATPase
may be in remodeling T4P to DNA uptake complexes. Alter-
natively, the T4P may be essential for opening the outer mem-
brane secretin pore formed by PilQ (19, 48), to bind DNA at the
extracellular side and enable threading into the pore.

DNA Uptake into the Periplasm Is Reversible for Gram-Negative
Bacteria. Transformation occurs in dissociable steps, including
DNA binding, transport through the outer membrane, transport
through the inner membrane, and homologous recombination
(11). In the periplasm, DNA can be massed for extended periods
of time (23, 26, 49). All of the data we have acquired in this study
indicate that DNA uptake from the environment to the periplasm
is powered by reversible binding of ComE (Fig. 54). The next step
of the transformation process is the transport of transforming
DNA from the periplasm to the cytoplasm. Therefore, the asso-
ciated cytoplasmic machine must work against the force generated
by ComE binding in the periplasm. Importantly, we showed in a
recent study that the DNA uptake machine of B. subtilis for cy-
toplasmic transport generates force exceeding F > 50 pN (34).
Because the genes essential for DNA uptake in B. subtilis are
homologous to N. gonorrhoeae, the cytoplasmic motor of N. gonor-
rhoeae most likely generates higher forces than the outer membrane
motor.

Mechanistically, the proteins required for the transport
through the cytoplasmic membrane have not been identified. It is
conceivable that a translocation ratchet driven by DNA-binding
proteins in the cytoplasm generates a force exceeding the force
generated by ComE binding in the periplasm. Transforming
DNA entering the cytoplasm is coated with various single-strand
binding proteins that protect DNA from degradation and me-
diate homologous recombination with the chromosome (50).
These proteins may fulfill the second purpose of biasing DNA
translocation from the periplasm to the cytoplasm. In B. subtilis
the DEAD-box helicase ComFA is important for DNA uptake
(51). It is tempting to speculate that it performs a dual role in
converting dsDNA into ssDNA and transporting ssDNA into the
cytoplasm. A homolog of ComFA in N. gonorrhoeae is the pri-
mosome assembly protein (PriA) (52). PriA is central to the
restart of chromosomal replication when replication fork pro-
gression is disrupted, is involved in homologous recombination
and DNA repair, and is essential for transformation (53).

Interestingly, the proteins forming the pore for DNA trans-
location through the cytoplasmic membrane are conserved for
N. gonorrhoeae (T4P/T2SS, Gram-negative), B. subtilis (TAP/T2SS,
Gram-positive), and H. pylori (T4SS, Gram-negative) (12, 52). It
is tempting to speculate that the kinetics and forces generated by
the machine that drives import through the inner membrane are
also conserved. For both Gram-negative systems studied so far,
DNA uptake was reversible at forces in the range of F ~ 20 pN
(Fig. 5B). The speed of DNA uptake was ~10-fold lower for N.
gonorrhoeae at F ~ 10 pN, suggesting that reversibility is a
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characteristic feature of uptake across the outer membrane and
that the speed is determined by the specific DNA uptake system.

Conclusion

In this study we used single-molecule techniques for characterizing
the speed of gonococcal DNA uptake during transformation as a
function of the external force. Our data agree remarkably well with
a basic translocation ratchet model with the periplasmic protein
ComE as a chaperone. Thus, we provide a mechanistic model for a
key step of bacterial gene transfer. Comparison with data from
different species strongly suggests that DNA uptake through the
outer membrane is driven by weak and reversible molecular motors
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