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Natural transformation is the main means of horizontal genetic exchange in the obligate human pathogen
Neisseria gonorrhoeae. Neisseria spp. have been shown to preferentially take up and transform their own DNA
by recognizing the nonpalindromic 10- or 12-nucleotide sequence 5'-ATGCCGTCTGAA-3’ (additional semi-
conserved nucleotides are underlined), termed the DNA uptake sequence (DUS10 or DUS12). Here we
investigated the effects of the DUS on transformation and DNA uptake for several laboratory strains of V.
gonorrhoeae. We found that all strains showed efficient transformation of DUS containing DNA (DUS10 and
DUS12) but that the level of transformation with DNA lacking a DUS (DUSO) was variable in different strains.
The DUS-enhanced transformation was 20-fold in two strains, FA1090 and FA19, but was approximately
150-fold in strains MS11 and 1291. All strains tested provide some level of DUS0 transformation, and DUS0
transformation was type IV pilus dependent. Competition with plasmid DNA revealed that transformation of
MS11 was enhanced by the addition of excess plasmid DNA containing a DUS while FA1090 transformation
was competitively inhibited. Although FA1090 was able to mediate much more efficient transformation of DNA
lacking a DUS than was MS11, DNA uptake experiments showed similar levels of uptake of DNA containing
and lacking a DUS in FA1090 and MS11. Finally, DNA uptake was competitively inhibited in both FA1090 and
MSI11. Taken together, our data indicate that the role of the DUS during DNA transformation is variable

between strains of N. gonorrhoeae and may influence multiple steps during transformation.

Natural transformation is a widespread mechanism of hori-
zontal gene transfer in bacteria, with at least 66 bacterial spe-
cies identified as naturally competent (reviewed in reference
26). Competence is defined as the ability to take up exogenous
DNA from the environment (10). Both chromosomal and plas-
mid DNA can be transformed, resulting in homologous recom-
bination into the bacterial chromosome and plasmid reconsti-
tution, respectively. DNA uptake systems may have evolved as
a means to disseminate genetic information or as a mechanism
to use DNA as a source of food. The ability to transport DNA
into the cell is tightly regulated by quorum sensing, nutrient
starvation, and/or growth phase in many naturally competent
bacteria, and DNA uptake into bacterial cells for transforma-
tion requires specialized systems for competence which may
not be expressed at all times (reviewed in reference 41). With
the exception of Helicobacter pylori, which uses a distinct ap-
paratus related to type IV secretion, all other currently iden-
tified DNA uptake systems resemble either type IV pili (TFP)
or type II secretion systems (reviewed in reference 10). TFP
are long, thin appendages about 50 to 80 A wide, consisting of
thousands of repeating subunits of pilin (12), and function in
bacterial adherence, twitching motility, and transformation
(43, 45). Twitching motility is mediated by the depolymeriza-
tion of pilus oligomers to promote pilus retraction, which is
directly correlated with DNA transformation (45).

Natural transformation is the main means of horizontal ge-
netic exchange in the obligate human pathogen Neisseria gonor-
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rhoeae and the related pathogen Neisseria meningitidis (30,
42). N. gonorrhoeae and N. meningitidis are constitutively com-
petent and undergo high-frequency DNA transformation dur-
ing all phases of growth (43). A lack of stable clonal lineages of
N. gonorrhoeae indicates that exchange of chromosomal DNA
during mixed infections is common (40), similar to H. pylori
(32). Furthermore, intergeneric transfer of DNA has been
identified between Haemophilus and Neisseria (31). Frequent
transformation between lineages of N. gonorrhoeae may aid the
spread of antibiotic resistance determinants. Although antibi-
otic therapy has historically been effective for treatment of
gonorrhea, only cephalosporin drugs are presently recom-
mended for treatment of gonorrhea in the United States (4).

N. gonorrhoeae and N. meningitidis preferentially take up
and transform their own DNA by virtue of the DNA uptake
sequence (DUS) (5'-GCCGTCTGAA-3"), which is found in
abundance in Neisseria genomes (3, 17, 22). DUSs are often
found as inverted repeats in transcriptional terminators, al-
though efficient transformation requires only one DUS. Hae-
mophilus influenzae has a similar constraint on DNA uptake,
although the uptake sequence is distinct (14, 15). The Neisseria
DUS was initially identified by the ability of cloned gonococcal
genomic DNA containing the DUS to competitively inhibit
transformation (22). Furthermore, the DUS was shown to pos-
itively increase DNA uptake and transformation, since adding
the DUS to nontransformable plasmid DNA allowed transfor-
mation and protected the DNA from exogenous DNase I
added to the medium (17). Genomic scanning revealed that a
majority of DUSs in both the gonococcal and meningococcal
genomes contain two additional semiconserved nucleotides at
the —2 (A) and —1 (T) positions, and this extended 12-mer
DUS (5'-ATGCCGTCTGAA-3") allowed slightly higher
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transformation efficiencies than the 10-mer DUS (3). The mo-
lecular basis of DUS recognition leading to the selective up-
take and transformation of DNA from Neisseria species or
Haemophilus species is not known.

Natural transformation can be divided into three basic steps:
(i) DNA binding, (ii) DNA uptake (comprising transport
through the outer membrane, periplasm, and inner mem-
brane), and (iii) DNA recombination into the chromosome.
Many factors have been shown to be involved in these steps of
transformation in N. gonorrhoeae; these factors can be divided
between proteins involved in DNA transport and proteins in-
volved in DNA recombination. Double-stranded DNA binds
nonspecifically to the cell surface via an unknown mechanism,
although Opa proteins and the minor pilus protein ComP can
affect DNA binding to the cell surface and transformation
efficiency (1, 2, 25). Although the molecular basis of DUS
recognition is unknown, the DUS is thought to bind a surface-
localized, sequence-specific, DNA-binding protein, and this
interaction is required for efficient DNA uptake into the
periplasm. DNA uptake requires all of the gene products re-
quired to produce functional TFP and mediate twitching mo-
tility, including the secretin PilQ, the major pilus subunit PilE,
and the ATPase PilT. The proteins Tpc and ComL are local-
ized to the periplasm and may aid DNA transport through the
peptidoglycan layer (18, 19). One strand of the incoming DNA
is degraded, while the remaining strand is delivered to the
cytoplasm through the inner membrane protein ComA (8).
Finally, DNA recombination into the chromosome is mediated
by RecA (29) and requires the helicase PriA (28). RecBCD
recombination appears to play a partial role in transformation,
since null mutants show intermediate levels of transformation
(36).

Here we characterized the effect of the DUS on transfor-
mation in several different N. gonorrhoeae strains. Different
DNA substrates carrying point mutations or an insertion all
transformed very efficiently when carrying a DUS, but matched
DNA substrates without a DUS (DUSO0) transformed less ef-
ficiently. Although all tested strains transformed DUSO sub-
strates, the efficiency of DUSO transformation varied between
strains. Contrary to previous reports, DUS containing DNA
failed to competitively inhibit transformation in all strains and
surprisingly enhanced transformation in one strain. These ob-
servations prompted us to reexamine the effect of the DUS on
DNA uptake. We found that DUSO-dependent DNA uptake
did not fully correlate with differences in transformation effi-
ciencies. Taken together, these data show strain variability in
the requirement for the DUS, are inconsistent with the ac-
cepted DUS receptor hypothesis in all strains, and may indi-
cate a dual role for the DUS during transformation.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Transformation and DNA uptake
were investigated in the laboratory strains FA1090 (11), FA19 (34), MS11 (37),
and 1291 (5). Strain FA1090 1-81-S2nv (38), which contains a kanamycin (Kan)
resistance cassette upstream of the pilE locus that completely abrogates antigenic
variation, was used to investigate the effects of pilin antigenic variation on
transformation. We constructed MS11 1-81-S2nv by transforming chromosomal
DNA from the FA1090 1-81-S2nv strain into MS11, selecting for Kan" and
identifying transformants that had crossed in the 1-81-S2 pilE sequence by DNA
sequencing. This yielded an MS11 strain which cannot undergo antigenic varia-
tion and has a pilE gene identical to that of FA1090 1-81-S2nv. All N. gonor-
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TABLE 1. Primers used in this study
Sequence (5'-3")*

Primer name

ksgDUS12topl TCGTATGCCGTCTGAAAACG
ksgDUS0top2 .. .CTGCCGTTTGCGGATAAC
ksgDUS10top2 ................GCCGTCTGAAAACGCTGC

ksgbot3 ..CCAGATAATTGCTCAACGCC
gyrB2top ..GCCATCGACGAAGCACTC
gyrB6bot ...GCGGCCGTCTGAAACGATT
gyrB12bot ..GGCTTTTTCCAAGGCAAGG
gytB6botDUSI2...............ATGCCGTCTGAAACGATTTTGG
comAfor TTACGGCGTATTCAGAACGGAAG

comArev AGAATTTATACACTCTCAAACGTTGA

“ DUSI10 sequences are underlined. The additional two nucleotides in the
DUSI12 are in bold.

rhoeae strains were grown on GC medium base (GCB) (Difco) plates with
Kellogg’s supplements I and IT (27) at 37°C in a humidified 5% CO, atmosphere.
The concentrations of antibiotics in GCB were as follows: Kan, 50 pg/ml;
kasugamycin (Ksg), 150 wg/ml; chloramphenicol (Cam), 0.75 pg/ml for strains
FA1090 and FA19, 10 wg/ml for strain MS11, and 3 pg/ml for strain 1291; and
nalidixic acid (Nal), 1 pg/ml for strains FA1090 and FA19 and 3 pg/ml for strains
MS11 and 1291.

Construction of ksg41 DUS10, DUS12, and DUSO plasmids. PCR was used to
amplify a mutant ksg4 gene (G305A, referred to as ksgAl) which confers Ksg
resistance in N. gonorrhoeae (16). Taqg DNA polymerase (Promega) was used as
per the manufacturer’s instructions with the primers ksgtopDUSO and ksgbot3
for the DUSO plasmid, primers ksgtoplDUS12 and ksgbot3 for the DUS12
plasmid, and primers ksgDUS10top2 and ksgbot3 for the DUS10 plasmid (Table
1). Following initial denaturing at 94°C for 2 min, PCR amplification consisted of
24 cycles of 94°C for 1 min, 57°C for 1 min, and 72°C for 1 min. The resulting
PCR products were blunted by adding 10 mM deoxynucleoside triphosphates
(dNTPs) and 0.625 U of Pfu DNA polymerase (Stratagene) and incubating at
72°C for 30 min. The blunted products were cloned into the pCR-Blunt vector
(Invitrogen) as per the manufacturer’s instructions and transformed into TOP10
Escherichia coli cells (Invitrogen). Positive clones were verified by DNA sequenc-
ing (SeqWright) using the primers M13 forward and M13 reverse.

Identification of Nal" mutation in gyrB. The plasmid pSY6 contains a mutant
gyrB gene and has been used to measure transformation efficiency in Neisseria
species, but the mutation conferring Nal" has not been identified (23, 44). We
sequenced the mutant gyrB gene cloned in the plasmid pSY6 and identified three
mutations, D429N, R652Q, and A750T. Fragments carrying each mutation were
cloned individually into pCR-Blunt (Invitrogen) and transformed into N. gonor-
rhoeae. Only the clone containing the D429N mutation yielded Nal"; we have
designated this mutation gyrBI.

Construction of gyrB1 DUS10, DUS12, and DUSO plasmids. PCR was used to
amplify the mutant gyrBI gene (see above), which confers nalidixic acid resis-
tance in N. gonorrhoeae. KOD Hot Start DNA polymerase was used per the
manufacturer’s instructions with the plasmid pSY6 as the template and primers
gyrB2top and gyrB12bot for the DUSO plasmid, primers gyrB2top and
gyrBobotDUS12 for the DUS12 plasmid, and primers gyrB2top and gyrBébot for
the DUS10 plasmid. The resulting PCR products were cloned into the pCR-
Blunt vector (Invitrogen) as per the manufacturer’s instructions and transformed
into TOP10 E. coli cells (Invitrogen). Positive clones were verified by DNA
sequencing (SeqWright) using the primers M13 forward and M13 reverse.

Construction of mutants. The comA::kan mutant was created by PCR ampli-
fying the predicted comA gene from strain FA1090 with the primers comAfor
and comArev and cloning the product into the pCR2.1-TOPO plasmid (Invitro-
gen). The resulting plasmid DNA was isolated, and in vitro transposition with the
Ez:Tn Kan-2 transposon (Epicentre) was performed according the manufactur-
er’s instructions to identify a comA:kan mutant plasmid construct with the
EZ-Tn Kan transposon disrupting comA. The construct was transformed into
FA1090, and PCR was used to verify the insertion of the mutation comA::kan.
The pilQ mutant contains a chloramphenicol resistance cassette inserted in the
pilQ locus, and the pilT mutant contains an erythromycin resistance cassette
inserted in the pilT locus; both have been previously described (33). Both the
pilQ::cat and pilT::erm mutants were crossed into wild-type (WT) FA1090, and
the pilQ and pilT loci were checked for the presence of cat and erm, respectively.
The FA1090 and MS11 recB and recD mutants contain an erythromycin resis-
tance cassette inserted into each locus, and both have been previously described
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(24). The FA1090 (RM11.2) ApilE strain was generated by selecting nonpiliated
colonies and has been previously described (9).

Transformation and competition of transformation assays. Strains were
grown for 18 h on GCB plates and resuspended in liquid transformation medium
(1.5% protease peptone no. 3 (Difco), 0.1% NaCl, 200 mM HEPES (Sigma), 5
mM MgSO,, and Kellogg supplements I and II, pH 7.2) to an optical density
(OD) at 600 nm of approximately 1.5. Thirty pl of the cell suspension was added
to tubes containing 150 ng transforming DNA and 200 pl transformation me-
dium. For competition of transformation experiments, 100 ng of transforming
DNA (gyrBI-pBlunt) (see Fig. 1) was mixed with no or a 10-, 100-, or 1,000-fold
molar excess of pHSS6 or pUP1 DNA. DUS10/12- and DUSO-containing plas-
mids of ksgA1, gyrBI, and iga::cat (pJKD1314 and pJKD1502 [20]) (see Fig. 1)
were used as transforming DNA. Following incubation at 37°C for 20 min,
transformation mixtures were added to prewarmed 2 ml transformation medium
and incubated at 37°C in the presence of 5% CO, for 4 h. For competition
experiments and where indicated, transformations were stopped after 15 min by
the addition of 5 pug of DNase I (Worthington) before being added to the
prewarmed transformation medium. The mixtures were serially diluted 10-fold in
transformation medium lacking MgSO, and Kellogg supplements, and 20 pl
serial 10-fold dilutions were spotted on GCB plates in the presence and absence
of the appropriate antibiotic. Transformation efficiencies are reported as antibi-
otic-resistant CFU divided by total CFU and are the means of data for at least
three replicates.

Radiolabeling of DNA substrates. The plasmids pHSS6 (DUS0) and pUP1
(DUSI12) were radiolabeled with [a-**P]dATP/dCTP, and the DUS10 and DUS0O
2rBI-pBlunt plasmids were labeled with [a-**P]JdATP/dCTP to take advantage
of the longer half-life of *>P. The plasmids pHSS6 and pUP1 were linearized with
Nhel prior to labeling. To label only the gyrBI region in gyrBI-pBlunt, the
DUSI10 and DUSO gyrB1-pBlunt plasmids were doubly digested with Kpnl and
Spel, leaving an Exolll-sensitive 3’ end and an Exolll-resistant 5" end. Linear-
ized plasmids were purified using Qiaquick columns (Qiagen), and 2 pg DNA
was treated with 1 U ExollI for 10 min and subsequently heat inactivated at 70°C
for 20 min. This time was empirically determined to be the longest digestion that
allowed quantitative recovering of the double-stranded form after fill-in (data
not shown). A fill-in reaction with 10 U of the Klenow fragment of polymerase
1 was performed in the presence of 1 pM a->?P-or a->*P-labeled dATP/dCTP
(3,000 Ci mmol~!; Perkin Elmer) and 25 uM dGTP/dTTP. After incubation for
90 min at 37°C, 25 pM unlabeled dATP/dCTP was added, followed by incubation
for another 15 min at 37°C. Klenow was heat inactivated by incubation at 70°C
for 20 min. Labeled DNA was purified using Qiaquick columns, and the specific
activity was measured by scintillation counting.

DNA binding, uptake, and competition of uptake assays. Strains were grown
for 18 to 20 h on GCB plates and resuspended in 3 ml transformation medium
minus Kellogg’s supplements to an OD at 600 nm of approximately 1.5. One ml
of the cell suspension was added to approximately 200 ng 3°P- or 3*P-labeled
DNA (specific activity of approximately 5 X 10° cpm) and rotated end over end
on a rotisserie at 37°C for 30 min. The samples were split into 450-p.l fractions,
with one fraction receiving 5 ug DNase I (Worthington) to measure DNase
I-resistant (DNase") uptake while the other fraction received no DNase I to
measure total cell-associated DNA. Both fractions were incubated at 37°C for 10
min and then placed on ice for 10 min to stop the action of the DNase 1. The cells
were pelleted at 15,000 X g at 4°C for 10 min and washed three times in 1 ml
ice-cold wash buffer (1.5% proteose peptone no. 3, 0.1% NaCl, 200 mM HEPES,
pH 7.2). The samples were resuspended in 300 pl Tris-EDTA (TE), and 100 .l
was added to 4 ml Ultimate Gold scintillation cocktail (Perkin Elmer) and
counted in a liquid scintillation counter (Beckman-Coulter). DNA uptake and
cell-associated DNA are reported as the percentages of DNA added and are the
means of results for 3 to 6 replicates. Competition of DNA uptake was per-
formed essentially as in DNA binding and uptake assays described above, with 7
plates of cells resuspended into 22 ml transformation medium minus Kellogg’s
supplements. One ml of the cell suspension was added to 100 ng 3*P-labeled
gyrB1-pBlunt, along with zero or a 10-, 100-, or 1,000-fold molar excess of either
pHSS6 or pUP1. Results of competition of DNA uptake experiments are re-
ported as percentages of DNA added and are the means of results for at least
three replicates.

RESULTS

The magnitude of DUS enhancement of transformation is
strain dependent. Natural transformation in several strains of
N. gonorrhoeae, including MS11, F62, and FA19, has been
extensively studied (1, 3, 17, 22, 43). It has been established
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FIG. 1. Schematic scale cartoon of transforming constructs.
(A) The gyrB1 allele contains a G1285A mutation which confers re-
sistance to Nal and contains a DUS10. Three constructs were created
containing gyrBI (dotted lines); all were cloned with the same 5’
primer but differing 3" primers. One construct lacks a DUS (3’ primer
anneals immediately upstream of DUS), one construct contains the
DUSI10 (3’ primer anneals to DUS10), and one construct contains the
DUSI12 (3’ primer anneals to DUS10 and contains “AT” nucleotides
on 5’end). (B) The ksgAI allele contains a G305A mutation which
confers resistance to Ksg and contains a DUS12. Three constructs
were created containing ksgA41 (dotted lines); all were cloned with the
same 3’ primer but differing 5" primers. One construct lacks a DUS (5’
primer anneals immediately downstream of DUS12), one construct
contains the DUS10 (5" primer anneals to the DUS10), and one con-
struct contains the DUS12 (5’ primer anneals to the DUSI2).
(C) Schematic cartoon of iga::cat DUSO and DUSI2 constructs
(dashed boxes). The DUSO iga::cat construct contains the indicated
region of the iga locus with the cat insertion. The iga::cat DUSI2
construct contains an additional 382-bp region of N. gonorrhoeae DNA
which contains the DUS12 (diagonal line-filled box).

that N. gonorrhoeae preferentially transforms its own DNA by
the ability of the Neisseria-specific nonpalindromic 10- or 12-
nucleotide sequence 5'-ATGCCGTCTGAA-3" (DUSI0 or
-12) to mediate DNA uptake leading to transformation. It was
also found that transforming DNA must carry at least one
DUSI10 for full transformation efficiency and that the presence
of the DUSI10 protects labeled DNA from degradation by
exogenous DNase.

During investigations into the basis of kasugamycin resis-
tance in strain FA1090, we observed substantial levels of trans-
formation in cloned fragments devoid of a DUS (16). Quanti-
tative transformation of strains FA1090, FA19, MS11, and
1291 with matched DNA substrates with or without a DUS10
or DUSI12 (Fig. 1) containing two different antibiotic resistance
determinants demonstrated that all the strains provided some
level of transformation for DUSO constructs but that the effi-
ciencies for DUSO transformation were greater for FA1090
and FA19 than those recorded for MS11 or 1291 (Fig. 2A).
The two genes yielded differing absolute transformation effi-
ciencies within each strain, which could be a function of the
nature of the resistance mechanisms, differing lengths of ho-
mologous DNA, or the differences in degenerate or DUS-like
sequences. All strains transformed the DUS10/12 DNA more
efficiently than the cognate DUSO DNA, but the magnitude of
the difference between the DUSO and DUS10/12 transforma-
tion efficiencies was dependent on the N. gonorrhoeae strain
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FIG. 2. The magnitude of DUS enhancement of transformation is
strain dependent (A), and DUS phenotypes are not due to pilin se-
quence or pilin antigenic variation (B). (A) Strains FA1090, FA19,
MSI11, and 1291 were quantitatively transformed with iga::cat DUS0
and DUS12 and gyrB! DUS10 and DUSO plasmid DNA. Transforma-
tion efficiencies are plotted as resistant CFU/total CFU. Gray bars
indicate iga::cat DUS12, white bars indicate DUSO iga::cat, horizontal
dashed lines indicate gyrB1 DUS10, and diagonal lines indicate gyrB1
DUSO DNA. Error bars are SEM. *, P < (.05 by Student’s ¢ test.
(B) Strains FA1090 1-81-S2nv and MS11 1-81-S2, which cannot un-
dergo pilin antigenic variation and are isogenic for pilE, were quanti-
tatively transformed with gyrBI and ksg47 DUS0, DUS10, and DUS12
plasmid DNA. Transformation efficiencies are plotted as resistant
CFU/total CFU. White bars indicate gyrBI DUSO, gray bars indicate
gyrB1 DUSIO0, black bars indicate gyrB1 DUS12, diagonal stripes indi-
cate ksgA1 DUSO, horizontal dashed lines indicate ksg41/ DUS10, and
vertical dashed lines indicate ksg41 DUS12 plasmid DNA. Error bars
are SEM. 1, 2 repeats below limit of detection. *, P < 0.05 by Student’s
t test.

used (Fig. 2A). A larger difference in transformation efficiency
was seen between DUSO and DUS12 DNA with the iga::cat
insertion versus that with the gyrBI point mutation in all
strains. Strains FA1090 and FA19 exhibited similar DUSO and
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DUS10/12 transformation phenotypes, with smaller differences
between DUSO and DUS10/12 transformation efficiencies that
were not statistically significant. Strains MS11 and 1291
showed similar transformation frequencies, with DUSO DNA
transforming much less efficiently than DUS10/12 DNA (P <
0.05). Strikingly, the fold difference between the DUSO and
DUSI12 transformation efficiencies with the iga::cat insertion
was about 22-fold for FA1090 but 144-fold for MS11 (Fig. 2A).
The relatively high efficiency of the DUSO DNA transforma-
tion in FA1090 and FA19 (10~ to 10~* resistance CFU/total
CFU) was surprising, since a previous report indicated that the
DUSO DNA transformation occurs at very low efficiency in
MS11 (1077 resistant CFU/total CFU) (3) and inefficient
DUS-independent transformation may be pilus independent
(7). One possibility was that this efficient DUSO0 transformation
was utilizing a novel pathway for efficient entry into cells.
However, transformation of chromosomal DNA and both
DUSI10 and DUSO cloned DNA into strain FA1090 required
functional pilT, pilE, pilQ, and comA genes (data not shown),
indicating that DUSO transformation also requires functional
components of the TFP. To determine whether an alternative
uptake sequence might be responsible for the efficient DUSO
transformation, bioinformatic analysis of the different trans-
forming DNA constructs was performed but failed to reveal
any short (=15 nucleotides) shared repeat sequences in the
three fragments (data not shown) (Fig. 1). The two DUS phe-
notypes (large and small difference between DUS10/12 and
DUSO transformation efficiencies) do not correlate with the
presence of the type IV secretion system, since strains FA1090
and 1291 lack the secretion system and strains FA19 and MS11
contain the system. Additionally, the two DUS phenotypes are
unlikely to be explained by differences in the minor pilus pro-
teins ComP and PilV, which have been shown to affect trans-
formation efficiency, since ComP is 100% conserved and PilV
is 93% identical and 100% similar in all four strains, or differ-
ences in the DNA processing chain protein DprA/Smf, which is
98.5% identical and 100% similar in all four strains (data not
shown).

It was possible that the strain differences in DUSO transfor-
mation were mediated by the recombination systems. As ex-
pected, both DUS10 and DUSO transformations were abso-
lutely recA dependent in all strains (data not shown). A role for
the RecBCD nuclease in the DUSO transformation differences
was tested by making FA1090 and MS11 recB, recC, and recD
mutants. These strains all showed identical reductions in trans-
formation efficiencies with both DUSO and DUS10 DNA (data
not shown), as has been previously reported for DUS10 trans-
formation (36). These studies genetically show that both
DUS10 and DUSO transformation utilize the same transport
and recombination machinery.

DUS phenotypes are not due to variant pilins. Pilin, the
major component of TFP, undergoes high-frequency pilin an-
tigenic variation, resulting in distinct pilin proteins (13). Since
different pilin variants have been shown to affect DNA uptake
and transformation efficiencies (2), we tested whether the
strain-dependent DUS phenotypes might be explained by dif-
ferences in pilin sequence. In order to test if different pilin
sequences and antigenic variation were responsible for the
DUS phenotypes, we utilized a transposon insertion located
upstream of the pilE gene of FA1090 pilin variant 1-81-S2 (39),
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which completely abrogates pilin antigenic variation (38), to
introduce the 1-81-S2 pilE sequence into MS11. The MS11
1-81-S2nv strain transformed the DUSO gyrB1 construct with
an efficiency similar to that of the parental strain, expressing
the original pilin variant (Fig. 2B). As before, the difference in
transformation efficiency between DUSO and DUS10 DNA
was not statistically different in FA1090 but was statistically
different in MS11 (Fig. 2B, white and gray bars) (P < 0.05),
suggesting that neither pilin antigenic variation nor the se-
quence of pilE affects the DUSO-mediated enhancement of
transformation. Interestingly, FA1090 1-81-S2nv transforma-
tion efficiencies for both the DUS0O and DUS10 gyrB1 plasmids
were statistically increased over WT FA1090 levels (P < 0.05)
(Fig. 2B and 2A, respectively), whereas MS11 1-81-S2nv trans-
formation efficiencies were similar to WT MS11 levels (Fig. 2B
and A, respectively). These data show that although the pilin
sequence affects transformation efficiencies, differences in pilin
sequence do not account for the strain-dependent DUS trans-
formation phenotypes.

DUSI12 transformation enhancement is modestly increased
over that of DUS10. A previous study demonstrated that 77%
of the DUS sequences in the genome of FA1090 contain two
semiconserved nucleotides and that this extended 12-mer DUS
enhanced transformation efficiencies compared to results with
the DUS 10-mer (3). To determine how the DUSO-, -10-, and
-12-mer affect transformation efficiencies in FA1090 and
MS11, an identical gyrB1 construct carrying a DUS12 sequence
was constructed (Fig. 1) and the frequencies of transformation
of FA1090 1-81-S2nv and MS11 1-81-S2nv were measured
(Fig. 2B). In both strains, the DUS12 gyrBI plasmids consis-
tently transformed at higher efficiencies than the DUSO plas-
mids (P < 0.05) but not statistically differently from the DUS10
plasmids. These results confirm previous findings that the
DUS12 modestly enhances transformation over that with the
DUSI10 (3). We confirmed these results with the mutant ksgA/
gene, carrying both DUS10 and DUS12 sequences (Fig. 1 and
2B). As before, DUSO transformation of FA1090 was relatively
high (10~ * resistance CFU/total CFU) and was not statistically
different from the efficiency of the DUS10 plasmid (Fig. 2B),
although the DUS12-mer transformation of FA1090 ksgA1 was
statistically higher than that of the DUSO plasmid (P < 0.05).
As before, MS11 DUSO transformation was relatively ineffi-
cient (below 10~ resistant CFU/total CFU) and was below the
limit of detection in two repeats (Fig. 2B). This result was in
contrast to the transformation efficiency of either the DUS10
or DUS12 ksgA1 plasmid, which mediated high levels of trans-
formation in MS11. Although statistical analysis was unavail-
able since levels of ksg41 DUSO transformation were below
the limit of detection, the DUS10 and DUS12 plasmids
exhibited at least 1,800-fold and 2,400-fold increases in
transformation enhancement from DUSO levels, respec-
tively, in MS11 (Fig. 2B).

The DUS competitively inhibits transformation of FA1090
but not MS11. The DUS was initially identified as a sequence
which could competitively inhibit transformation in strain
FA19 when added in excess, while DNA lacking a DUS had no
effect on transformation (22). These results were interpreted
as suggesting that the DUS functions by binding to a cell
surface receptor. Elkins et al. established that DNA must con-
tain a DUS to be transported into cells using two nonreplicat-

J. BACTERIOL.

ing plasmids, pHSS6, which lacks a DUS, and pUP1, in which
an inverted repeat of the DUS12 was cloned into pHSS6 (17).

To determine whether a DUS carrying DNA would inhibit
transformation similarly in FA1090 and MS11, pHSS6 and
pUP1 were mixed with DUS10 and DUSO transforming DNA
at 0-, 10-, 100-, and 1,000-fold molar excess (Fig. 3A and B). In
strain FA1090, pHSS6 had a positive effect on transformation
of both DUSO and DUSI0, transforming DNA at a 10-fold
molar excess (5-fold and 7-fold, respectively; P < 0.05 com-
pared to results with no competitor), but had no effect at a
100-fold molar excess (Fig. 3A, solid lines). In contrast, excess
pUP1 DNA inhibited FA1090 transformation, and this inhibi-
tion was dose dependent, with approximately a 50-fold reduc-
tion with DUSO transforming DNA (P < 0.05 compared to
results with no competitor) and a 20-fold reduction with
DUSI10 transforming DNA at a 1,000-fold excess (Fig. 3A). At
some levels of competitor (Fig. 3), the effects of pHSS6 were
statistically distinct from the effects of pUP1 (f, P < 0.05) in
FA1090, suggesting that FA1090 can recognize the DUS car-
ried on competitor DNA.

The results with competitors in MS11 were very different
from those in FA1090. Addition of pHSS6 or pUP1 strongly
stimulated both DUS0 and DUS10 transformation of MS11 at
10- and 100-fold excess (Fig. 3B). While both pHSS6 and pUP1
enhanced transformation in MS11, pHSS6 exhibited a slightly
greater effect (23-fold and 31-fold for DUSO and DUS10 trans-
forming DNA, respectively) than pUP1 (10-fold for both
DUSO and DUS10 transforming DNA). The effect of pHSS6
compared to that of pUP1 was consistently different but not
statistically different in MS11 at any level of competitor (Fig.
3B). Interestingly, while both the pHSS6 and pUP1 plasmids
enhanced transformation when added at 10- and 100-fold ex-
cess, addition of these plasmids at a 1,000-fold excess returned
the transformation levels to within 2-fold of no-competitor
levels (Fig. 3B). These results were surprising given previous
reports of inhibition of transformation by DUS containing
DNA (22).

Strain differences in transformation efficiencies are not due
solely to DNA uptake. Previous studies have shown that DNA
must contain a DUS to be protected from exogenous DNase in
the medium when incubated with strains MS11 (1) and FA19
(17). These studies utilized radiolabeled pHSS6 and pUP1 to
measure DNA binding and uptake. We revisited these studies
to determine whether the increased DUSO transformation seen
in FA1090 relative to that in MS11 would correlate with an
increase in DUSO uptake. Radiolabeled pHSS6 and pUP1
were used to measure both the total cell-associated and
DNase® transported DNA in both FA1090 and MS11 (Fig.
4A). These data confirm previous reports that the DUS is
required for nonhomologous DNA to be transported into a
DNase-resistant state in MS11, since less than 0.01% of DUSO
DNA was resistant to exogenous DNase (Fig. 4A). Although
strain FA1090 bound more DNA and transported 3-fold more
DUSO DNA than MS11, the amounts of DUS12 DNA trans-
ported were identical between the strains (Fig. 4A). The dif-
ference between transported DUS0O and DUS12 DNA was less
in FA1090 than in MS11, confirming a less-stringent require-
ment for the DUS in FA1090. The small differences in uptake
of DUSO DNA between FA1090 and MS11 do not correlate
with the larger difference in transformation. However, since
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pHSS6 and pUP1 are nonreplicating in N. gonorrhoeae and
cannot be recombined into the chromosome since they lack
any homology to Neisseria DNA, uptake of these plasmids
may not accurately represent the uptake of bona fide trans-
forming DNA.

To directly measure the uptake of homologous DNA, gyrB1
DUS10 and gyrBI DUSO plasmids were selectively radiola-
beled in the N. gonorrhoeae DNA and used in uptake assays
(Fig. 4B). The relative magnitudes of binding and uptake of
homologous gyrBI DNA (Fig. 4B) were similar to the binding
and uptake of nonhomologous DNA (Fig. 4A) in both FA1090
and MS11, with about a 3-fold difference between DUSO and
DUSI10 uptake for FA1090 and about a 10-fold difference for
MS11. Since the iga::cat insertion showed a much larger dif-
ference in DUSO and DUS12 transformation than the gyrB1
point mutation (Fig. 2A), we repeated the uptake assay with
radiolabeled iga::cat-DUS12 and iga::cat-DUSO plasmids to
test whether uptake matched the transformation (data not
shown). Both the relative and absolute magnitudes of DNA
binding and uptake of iga::cat plasmids were essentially the
same as those seen with the gyrBI plasmids in both strains,
indicating that the larger difference in transformation of DUS0
compared to that of DUSI12 is not due to differences in DNA
uptake.

The DUS competitively inhibits uptake of DUS10 DNA. The
unexpected enhancement of transformation efficiency in
FA1090 and MS11 at a 10-fold excess of pHSS6 and at a 10-
and 100-fold excess of pHSS6 and pUP1 in MS11 prompted us
to determine how these competitors affected DNA uptake.
Therefore, DNA uptake experiments were performed with ra-
diolabeled gyrB1 DUS0/10 DNA in the presence of unlabeled
pHSS6 or pUP1 at a 0-, 10-, 100-, or 1,000-fold molar excess
(Fig. 3C and D). Similar to the competition of transformation
results, pUP1 competitively inhibited uptake of DUS10 DNA
in FA1090 and was dose dependent, with a 20-fold inhibition at
a 1,000-fold excess (Fig. 3C, open triangles). In contrast, the
DUSO competitor pHSS6 had little effect on DUS10 DNA
uptake, inhibiting only 3-fold at a 1,000-fold excess. As before,
very little DUSO DNA was transported into cells, and neither
pHSS6 nor pUP1 had any effect on DUSO DNA transport in
FA1090. In contrast to the enhancing effect of competitor
DNA in transformation competition experiments in MS11, no
stimulation of DNA uptake was observed with competing
pHSS6 or pUP1 in MS11 (Fig. 3D). Interestingly, both pHSS6
and pUP1 inhibited DUS10 DNA uptake and were dose de-
pendent, with 16-fold and 21-fold inhibition at a 1,000-fold
excess, respectively (Fig. 3D). Very little DUSO DNA was
transported in MS11; however, 100- and 1,000-fold excesses of
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transformation efficiencies in MS11 but not FA1090. (A) Binding and
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strains FA1090 and MS11. Cell-associated (bound plus taken up) DNA
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Student’s ¢ test. (B) Binding and uptake of **P-labeled gyrBI DUS0 and
DUS10 DNA in strains FA1090 and MS11. Total cellular DNA is
shown in gray, and DNase” DNA is shown in white; data are graphed
as a percentage of DNA added. Error bars are SEM. *, P < 0.05 by
Student’s ¢ test.

pUP1 inhibited this transport 2-fold and 3-fold, respectively
(P < 0.05).

DISCUSSION

The accepted models for the action of the DUS in DNA
transformation invoke DUS recognition at the bacterial sur-
face by a sequence-specific DNA binding protein to allow
efficient DNA transport into the periplasm by the pilus appa-
ratus. Here we show that the magnitude of the effect of the
DUS on transformation efficiency and the ability of excess
DUS to inhibit transformation are both strain dependent and
that this difference is not due solely to differential DNA up-
take. Taken together, these data suggest that action on the
DUS cannot be explained solely by surface binding.

In all the strains, DUS10/12 transformation was more effi-
cient than DUSO transformation of the same DNA, and while
the absolute level of DUS10/12 transformation was different
for each transforming construct, the frequencies were all
within approximately 36-fold of one another (Fig. 2A and B).
It is not surprising that the three transformation substrates
utilized have different DUS10/12 transformation efficiencies,
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since they have different total sizes, the position of the muta-
tion in each fragment is different, and two carry point muta-
tions that provide antibiotic resistance while the other carries
an entire antibiotic resistance gene. However, there was a
larger difference measured between DUSO and DUS12 DNA
with the cat insertion and the transforming DNA carrying
point mutations (Fig. 2A). It is possible that the additional
difficulty in recombining insertions into the chromosome cre-
ates additional problems for DUSO DNA.

The magnitude of DUS enhancement of transformation was
much greater than the magnitude of DNA uptake differences
between the strains (Fig. 4A and B). Also, similar levels of
radiolabeled, gyrBI or iga::cat DUS10 or DUSO DNA were
transported into the strains (Fig. 4B and data not shown) even
though their transformation efficiencies were quite distinct
(Fig. 2A). The transformation assays reported allow for mul-
tiple rounds of transformation, which may have accentuated
differences in transformation efficiencies between the strains.
Up to 1,000-fold differences in DNA uptake and transforma-
tion in different H. influenzae strains have been reported (35),
although the influence of the uptake signal sequence (USS) on
these differences was not examined. Similar to our results, the
differences seen in H. influenzae transformation were not com-
pletely explained by the amount of DNA transported into cells
(35). There are two major hypotheses that explain these ob-
servations. Either the DUS and USS function only to allow
efficient transport of the DNA and measuring bulk transport
through the outer membrane does not measure the trans-
ported DNA that is able to be used for transformation, or
alternatively, the DUS and USS function during transport
through the outer membrane but can also influence steps sub-
sequent to transport.

Consistent with the idea that the DUS has more-compli-
cated roles than binding a surface receptor are the differences
observed when competing transformation with excess compet-
itor DNA in FA1090 and MS11 was compared. The dose-
dependent enhancement of MSI11 transformation by pHSS6
and pUP1 at 10- and 100-fold excess (Fig. 3B) demonstrates
that addition of excess DNA to this strain significantly boosts
transformation efficiency. This is unlikely to be a transcrip-
tional response, since the competitors were added at the same
time as the transforming DNA and transformation was limited
to 15 min. It is unclear why transformation efficiency with a
1,000-fold excess of competitor returns to no-competitor levels
in MS11, but it is possible that at this level of excess compet-
itor, the stimulation of transformation is competed back to
noncompetitor levels (Fig. 3B). If this explanation is correct,
then there must be a high-affinity interaction that stimulates
transformation at lower levels of competitor and a low-affinity
interaction which is inhibitory. The enhancement of transfor-
mation efficiency was more robust for pHSS6 versus that for
pUP1 in MS11, indicating that a DUS on the competitor DNA
decreases the stimulatory activity. FA1090 also showed a small
enhancement of transformation with the DUSO competitor at
a 10-fold molar excess but was mostly inhibited by both DUS12
and DUSO competitors at higher levels of competitor. We do
not know the mechanism for the enhancement of transforma-
tion, but these results confirm that these strains react differ-
ently during transformation and show differential recognition
of the DUS.
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Direct measurement of nonhomologous radiolabeled-DNA
uptake into cells recapitulated previous reports of work using
MS11 showing that small amounts of DUSO DNA enter a
DNase-protected state (Fig. 4A). The modest increase in trans-
ported nonhomologous DUSO DNA in FA1090 compared to
that in MS11 does not fully explain the differences seen in
transformation efficiencies (Fig. 4A). To directly measure
DNA uptake of transforming substrates, we also utilized
homologous radiolabeled DNA (Fig. 4B). The relative magni-
tudes of DNA binding and DNA uptake for homologous DNA
were similar to those for nonhomologous DNA; again the
modest increase in transported DUSO DNA in FA1090 versus
that in MS11 does not correlate with the differences seen in
transformation efficiencies. The mechanism for increased
DUSO transformation in FA1090 is likely at a step after uptake,
since MS11 and FA1090 transported similar levels of DUSO
DNA (Fig. 4A and B).

The fact that DUS10 DNA uptake was competitively inhib-
ited by pUP1 in both FA1090 and MS11 (Fig. 3C and D)
suggests that the DUS action during DNA uptake is similar
between the strains, a fact supported by the relatively similar
levels of uptake observed with no competitors (Fig. 4A and B).
In both competition of uptake and transformation assays,
pHSS6 and pUP1 differentially affected these processes in
FA1090 but not MS11, while in transformation assays, MS11
discerned DUSO DNA from DUS10/12 DNA. The competition
experiments do support a role for the DUS in DNA uptake
(DNA uptake is competitively inhibited by pUP1); however,
the enhancement of MS11 transformation by the addition of
competitor DNA supports an additional activity for the DUS
in a process important for transformation that is distinct from
DNA uptake.

Our data confirm the findings of previous studies that show
that the DUS enhances the ability of heterologous or homol-
ogous transforming DNA to become resistant to exogenously
added DNase I, but they lend doubt to the hypothesis that
DUS activity is due solely to binding to a surface exposed DNA
binding protein. There are several models that are consistent
with the action of the DUS during transformation. The large
differences in the transformation efficiencies of DUSO DNA
between the strains suggest that FA1090 and FA19 recognize
DUSO DNA more efficiently than MS11 or 1291 or that MS11
and 1291 possess mechanisms for limiting the transformation
of DUSO DNA that are less protective in FA1090 and FA19. It
is possible that the DUS functions to protect DNA from a
periplasmic or cytoplasmic nuclease that is more active in
MS11 than in FA1090. We ruled out the RecBCD exonuclease
as being involved, since both DUSO and DUS10 DNA trans-
formation was reduced in recBCD null mutants (data not
shown). Nucleases have been shown to be involved during
DNA uptake in several bacteria (6, 21), and Chausse and Hill
have demonstrated that single-stranded DNA is formed in the
periplasm during transformation of strain MS11 and P9; how-
ever, they did not identify the responsible nuclease or test the
DUS dependence for the single-stranded DNA formation (8).
The enhancement of transformation seen in MS11 when either
DUSO or DUS12 DNA is added to the transformation reac-
tions may be consistent with a putative nuclease in MS11, since
the extra DNA could sop up or overwhelm the nuclease, re-
sulting in more transforming DNA being available for recom-
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bination. Clearly, the lack of an identified mechanism for DUS
recognition in Neisseria and the related USS recognition in
Haemophilus during transformation makes interpreting the
complex DUS DNA uptake and transformation phenotypes
difficult.
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