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Natural competence for DNA uptake is common among bacteria but its
evolutionary function is controversial. Resolving the dispute requires a
detailed understanding of both how cells decide to take up DNA and how
the DNA is processed during and after uptake. We have used whole-
genome microarrays to follow changes in gene expression during
competence development in wild-type Haemophilus influenzae cells, and
to characterize dependence of competence-induced transcription on
known regulatory factors. This analysis confirmed the existence of a
postulated competence regulon, characterized by a promoter-associated
22 bp competence regulatory element (CRE) closely related to the cAMP
receptor protein (CRP) binding consensus. This CRE regulon contains 25
genes in 13 transcription units, only about half of which have been
previously associated with competence. The new CRE genes encode a
periplasmic ATP-dependent DNA ligase, homologs of SSB, RadC and the
Bacillus subtilis DNA uptake protein ComEA, and eight genes of unknown
function. Competence-induced transcription of genes in the CRE regulon is
strongly dependent on cAMP, consistent with the known role of catabolite
regulation in competence. Electrophoretic mobility-shift assays confirmed
that CRE sequences are a new class of CRP-binding site. The essential
competence gene sxy is induced early in competence development and is
required for competence-induced transcription of CRE-regulon genes but
not other CRP-regulated genes, suggesting that Sxy may act as an accessory
factor directing CRP to CRE sites. Natural selection has united these 25
genes under a common regulatory mechanism. Elucidating this mecha-
nism, and the functions of the genes, will provide a valuable window into
the evolutionary function of natural competence.

© 2005 Elsevier Ltd. All rights reserved.
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Introduction

membrane or membranes and the cell wall into
the cytoplasm. DNA that escapes degradation may

Natural competence, the ability to actively take
up DNA from the environment, is widely distri-
buted among both Gram-positive and Gram-nega-
tive bacteria,"™ although its mechanism remains
unresolved and its significance controversial.
Induction of the competent state enables a bac-
terium to bind free DNA fragments at the cell
surface and transport them across the cell

Abbreviations used: CRE, competence regulatory
element; CRP, cAMP receptor protein; TF, transformation
frequency; ORF, open reading frame.
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cause a genetic change (transformation) by recom-
bining with the cell’s chromosome.

DNA uptake mechanisms must be able to
transport stiff hydrophilic DNA molecules across
the cell’s hydrophobic envelope. The mechanical
force is thought to be provided by retraction of type
IV pili or pseudo-pili, as pilin and pilus assembly
proteins have been implicated in a number of
different bacteria.” The first requirement for under-
standing any mechanism is identifying all the
components, and we have used microarray analysis
of competence to identify all of the genes induced
when Haemophilus influenzae cells are becoming
competent.

0022-2836/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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In H. influenzae, genes with important roles in
competence have been identified primarily by
screens for mutants defective in transformation,
and have been tentatively assigned regulatory or
mechanistic roles based on mutant phenotypes and
homology to competence genes in other bacteria.
Most of the known H. influenzae competence genes
are thought to encode proteins with direct roles
in DNA uptake or in assembly of the uptake
machinery. These include proteins acting at the
outer membrane (comE, pilA), in the periplasm or at
the inner membrane (comC, comF (=com101A?,
rec-2), and cytoplasmically (comA, dprA, comM).c™"!
There have been several non-exhaustive screens for
transformation-defective mutants;lz*16 each has
identified some new candidate genes but missed
known genes, suggesting that some regulatory and
DNA uptake genes may not yet be identified.

Transformation is competence’s best-known
consequence but it is not the usual outcome of
DNA uptake; even DNA perfectly homologous to
chromosomal DNA is usually degraded rather than
recombined with the chromosome.'” Re-use of
nucleotides from DNA degraded in the cytoplasm
may be more significant than any genetic benefits,
at least in the short term.'® Because regulatory
mechanisms are products of natural selection, the
tight regulation of competence in almost all bacteria
can provide important clues to the function of DNA
uptake. However, the processes regulating compe-
tence development appear diverse, and array-based
investigations in Gram-positive bacteria have
revealed an unexpected complexity of regulated
and regulatory genes.' ' H. influenzae is the Gram-
negative bacterium whose competence regulation is
best understood, and microarray analysis of regu-
latory mutants allowed us to investigate this
regulation. In particular we wished to find out
whether competence in H. influenzae results from a
single unified response to environmental triggers or
a coincidence of differently regulated processes.

Competence in H. influenzae is efficiently induced
by transfer of exponentially growing cells to a
defined starvation medium called MIV (“M-4"),%?
and analysis of mRNA levels or expression of
lacZ-fusions has shown that several of the DNA
uptake genes are induced by this transfer (comA,
comF, rec-2, dprA).7'10'14 A lower level of competence
is also seen as cultures approach stationary phase in
rich medium.*

Two regulatory proteins, CRP and Sxy, are
thought to activate transcription of H. influenzae
competence genes. CRP is the cAMP regulatory
protein, best characterized in Escherichia coli; it
activates transcription of the carbon-energy regulon
when rising cAMP levels signal that preferred
sugars are unavailable. Like E. coli, H. influenzae
has a phosphotransferase system that regulates
cAMP levels and thus gene activation by CRP>**
In H.influenzae cAMP and CRP also regulate
competence; crp and cya (adenylate cgclase)
mutants are unable to become competent™*’ or to
induce expression of the competence gene comA."*

Regulation of competence by such energy-supply
signals is consistent with its proposed role in
nutrient acquisition. In H. influenzae as in E. coli,
CRP regulates diverse genes involved in nutrient
acquisition or use,® and most genes regulated by
CRP are predicted to be subject to additional
function-specific regulation. Addition of cAMP to
exponentially growing wild-type cells does not
induce full competence, but only the 100-fold
lower competence also seen at the onset of
stationary phase,®' suggesting that competence
genes may be subject to regulation by a second
competence-specific regulator.

The Sxy protein may be the predicted second
regulator. Strains over-expressing Sxy have elev-
ated competence, and a sxy knockout mutant, like a
crp mutant, is unable to become competent and fails
to induce exl}gression of lacZ fusions to the comF and
dprA genes."’>7® However, we understand neither
how Sxy regulates competence genes nor how Sxy
itself is regulated. Although Sxy lacks the structural
features typical of DNA binding proteins, it has
been postulated to activate transcription by binding
to DNA at the competence regulatory element
sequences associated with promoters of DNA
uptake genes (see below).'® The existence of Sxy
homologs in non-competent as well as competent
bacteria suggests that it may have a role outside of
competence. A role for mRNA secondary structure
in regulating sxy expression is likely: point
mutations weakening base-pairing in a 5 stem of
sxy mRNA dramatically increase sxy mRNA
expression and competence; mutations strengthen-
ing the stem eliminate both.*>**

The hypothesis that competence regulatory
element (CRE) sequences in the promoters of
DNA uptake genes are responsible for compe-
tence-specific regulation of transcription was
strengthened by Gwinn et al.’s demonstration that
comM, a gene initially identified only by its
possession of a CRE sequence, is competence-
regulated and essential for transformation.'*"
Only two symmetrical base-pairs distinguish the
core CRE sequence TGCGA(Ng)TCGCA from the
core CRP binding sequence TGTGA(Ng)TCACA,
suggesting that CRP may bind to CRE sites and
activate transcription directly, rather than regu-
lating competence indirectly by regulating sxy
transcription.”® Under this model, the presence of
cAMP and Sxy allows CRP to bind at CRE sites and
activate transcription of DNA uptake genes.*
Consistent with this, both CRP and Sxy are required
for transcription of genes in the putative comA-F
operon.”””

We have generated microarrays containing all
1738 genes of the sequenced H. influenzae strain
KW20, and have used them to characterize (1) the
changes in expression of the 1738 H. influenzae
genes in response to transfer from rich medium to
MIV, and (2) the extent to which these changes
depended on regulation by Sxy and by CRP. This
enabled us to show that the subset of starvation-
induced genes that possess CRE sequences are also
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Figure 1. The sampling protocol for the competence time-courses. See Materials and Methods for details.

united by their requirement for both CRP and Sxy.
This CRE regulon includes most of the identified
components of the DNA uptake machinery, in
addition to a number of new genes not previously
associated with competence.

Results

Figure 1 illustrates the split time-course analysis
used to characterize gene expression changes
during competence development. Cells were
sampled both during growth in the rich medium
sBHI and after transfer to the starvation medium
MIV. As Figure 1 indicates, cells reach peak
competence after 100 minutes in MIV (transform-
atlon frequency (TF) with MAP7 DNA about 3X

%), and also become moderately competent (TF
about 10~*) when growth in sBHI first slows; this
“late log” competence occurs before the complete
cessation of growth.

The complete time-course was done twice, using
RNA preparations from independent cultures. For
seven of the nine time points from the two replicate
time-course experiments, the replicate measure-
ments of expression levels of 89-92% of the genes
were within twofold. The exceptions were the t=10
minute and +=30 minute time points for cells in
MIV, which had 81-82% of their values within
twofold. Most differences greater than twofold were
due to minor differences in the timing of compe-
tence development between the replicates, rather
than to random variation. For 24 of the 27
microarrays used, the transcripts of less than 2%
of the 1738 genes produced “No Data” reports. The
other three were less than 4%. This indicated that
the majority of the genes on the microarray slide
were transcribed regardless of the various culture
conditions and cell types used. In addition, it also
demonstrated that the current microarray method-
ology and analysis system were sensitive enough to
detect even transcripts of low abundance.

Typical microarray data from one of these time-
courses is shown in Figure 2. Figure 2(a) shows

relative expression of all the 1738 genes in the
H. influenzae genome during exponential growth
(t=0) and at 10, 30, 60 and 100 minutes after
transfer to MIV. A total of 151 genes showed
reproducible >fourfold increases in mRNA after
transfer to MIV. Although many genes showed
modest decreases in expression after transfer to
MLV, only 44 decreased by at least fourfold. (Lists of
these genes are provided as Supplementary Data.)
Below, we focus mainly on the genes likely to play
roles in competence.

Identification of competence-induced genes

Known competence genes

We first examined starvation-induced changes in
expression of the known competence genes comA,
comC, comE, comF (all in the putative comABCDEF
operon), rec-2, dprA, comM, and pilA; all five
promoters contain previously identified CRE
sequences.'’ All genes except comF were induced
strongly (45—450-fold) but more slowly than the
majority of induced genes, with maximum
expression usually seen at the =60 minute sample
(Figures 2(b) and 3). Expression levels of comF were
low but quantitative PCR showed that it is induced
about 40-fold in MIV, confirming previous reports.””
As expected, comB and comD were co-induced with
the rest of the comABCDEF operon, and pilB, pilC
and pilD were coinduced with pilA. However, dprB
and dprC showed little induction and did not
appear to be coordinately expressed with dprA.

Other CRE-regulated genes

Four uncharacterized genes had also been ident-
ified as havmg promoters with putative CRE
sequences.'”® Two of these were induced with
the same kinetics as the genes described above:
comE1 (HI1008, 270-fold) and ssb (H10250, 3.4-fold).
The low but consistent induction of ssb was
confirmed by quantitative PCR. Genes of unknown
function downstream from the two other CRE
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Figure 2. Data from microarray analysis of a competence time-course. The =0 minute data is the mean of t= —30 and
t= —70 minute samples. (a) All genes on the array. (b) All genes in the CRE regulon (listed in Figure 3). (c) purB, purC,
purD, purE, purF, purH, purK, purL, purM, purN, trpA, trpB, trpC, trpD, trpE, trpG, pyrD, pyrE, pyrE, pyrG. (d) sxy, crp, cya,
icc.

sequences were also induced (HI0365, ninefold, and
HI1182, 50-fold); however, these CRE sequences
had originally been incorrectly assigned to the
divergently transcribed genes HI0364 and HI1181,
respectively. Like the known competence genes,
induction of HI1008, HI0250, HI0365 and HI1182
was relatively slow, with expression peaking at 30—
60 minutes after transfer (Figure 2(b)).

Several complementary strategies were used to
search for additional genes in the CRE regulon, and
to exclude others from it. First, the MIV time-course
data were examined for other genes induced with
the same kinetics as the nine identified above, both
by eye and by using the “find similar” function of
GeneSpring. Such kinetics immediately identified a
four-gene operon induced very strongly in MIV
(HI0938-41, 600-fold). Examination of sequences
upstream of its promoter revealed a CRE sequence
that had been missed by previous searches because
one base was specified only as K (G or T);

re-sequencing showed this to be an A, giving a
perfect match to the CRE core consensus.

In parallel, the nine confirmed CRE sequences
(excluding HI0938) were used to refine the CRE
consensus, and the program RSA-tools® was then
used to search the non-coding genome sequences
for additional elements fitting it. A search using a
stringent cutoff score of 20 returned eight of the
nine input CREs, three additional CREs, and six
sequences strongly matching the CRP consensus.
(The comA CRE was missed by this search because it
overlaps an upstream coding region.) Examination
of array data showed that the three genes with
previously unrecognized CREs (HI0659/0660,
HI0952 and HI1631) were induced by MIV-star-
vation in the same manner as the confirmed CRE
transcription units. Reducing the RSA-tools strin-
gency cutoff to 10 and extending the search into
upstream coding sequences produced many more
CRP sites but only two more genes with candidate
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Figure 3. The CRE regulon. The CRE location is distance from the putative 5’ end of the transcript to the center of the
CRE; n.d., promoter not determined. Fold induction is the ratio of maximum expression in MIV expression level to t=0
expression. Fold dependence is the ratio of expression with cAMP or Sxy to expression without, after 100 minutes

incubation in MIV.

CREs (mobB and gyrB). Both these genes lack
competence-specific regulation (induction in MIV
or dependence on cAMP or Sxy; see below), and
neither CRE is expected to have a strong influence
on its gene’s transcription, the mobB CRE because it
is more than 300 bp upstream of the transcription
start site, and the gyrB CRE because it is a poor
match to the consensus. Expression levels of genes
transcribed convergently with the CRE-regulon
genes were also checked to ensure that strong
signals were not created by antisense transcription
extending from convergently transcribed genes.

Properties of the complete CRE regulon are
summarized in Figure 3. The green bars on the
right show how strongly each gene is induced,
with the length of each bar indicating the ratio of
maximum expression in MIV to t=0 expression in
sBHI (for multi-gene operons the ratio shown is for
the first gene).

On the left of Figure 3 are the 13 CRE sequences
and the distance of each from its likely promoter.
The consensus of the 13 CRE sequences is shorter
than but otherw1se identical to that originally
proposed.'” The sequence logos shown in Figure 4
reveal that CRE sites differ most strongly from the

consensus of H. influenzae CRP sites in having G and
C rather than T and A at the highly conserved
symmetric positions 6 and 17; these are the
positions where CRP bends DNA. ¥ CRE sequences
are also less variable than CRP sequences,
especially in the strings of T and A bases that
flank the core. Consistent with the hypothesis that
CRP binds to CRE sites, promoter-CRE spacing
obeys the same constramts as promoter—CRP
spacing in E. coli.®® A detailed analysis of bacterial
CRE sites is in preparation. The sequences
upstream of each of the CRE-regulon genes were
examined for additional motifs, using the programs
Consensus,” Gibbs recursive sampler*’ and Bio-
prospector. *1' No new patterns were found,
suggesting that CRE sites are likely to be the only
sites where competence-regulatory factors bind
DNA.

CRP and cAMP regulate expression of the CRE
regulon

CRP is the best candidate for the factor that binds
CRE sites, as it and cAMP are known to regulate
transcription of comA and dprA and to be essential
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Figure 4. Sequence logo comparison of H. influenzae CRP and CRE consensus sequences. (a) CRP logo generated from
the 45 CRP sites regulating the MIV-induced genes that are regulated by CRP but not Sxy. (b) CRE logo from the 13 CRE

sites regulating the genes of the CRE regulon.

for competence. Do CRP and cAMP also regulate
transcription of all the other CRE-regulon genes?
This was examined using arrays where RNA from
MIV-induced cya cells was competed with RNA
from a parallel culture incubated in cAMP-supple-
mented MIV. The cya mutant does not develop
competence in unsupplemented MIV but becomes
fully competent if ;CAMP is provided.” The yellow
bars in Figure 3 show the degree to which
expression of the first gene in each transcription
unit depended on cAMP, calculated as the ratio of
expression with cAMP to expression without
cAMP. The cAMP dependence of all the CRE
genes’ expression was roughly proportional to
their levels of induction in MIV (green bars and
data not shown). However, changes in ssb
expression were not reproducibly more than
twofold.

To test whether a CRE is in fact a CRP-binding
site, we purified native CRP from E. coli and used
electrophoretic mobility-shift assays to measure
DNA-binding specificity. Band shifts were apparent
with both the mgIBAC (CRP-binding site) and
comA-F (CRE) promoter regions in reactions

CRP (nM) 0 05 5 50 500 0 05 5

CRP+DNA-

reeona- SN - D

50 500

TR

containing 5 to 500 nM CRP and were detectable
with 0.5nM CRP (Figure 5). A DNA fragment
without a CRP-binding site showed no band shift
even with 500 nM CRP. The relative affinity of CRP
for different bait DNAs was estimated by titrating
CRP into binding reactions. Comparison of lanes in
which about half of the bait DNA was shifted
(Figure 5; 50nM CRP for comA-F, 5nM CRP for
mgIBAC), revealed that CRP binds the mg/IBAC
promoter with around tenfold greater affinity than
the comA-F promoter. This finding is consistent with
the 80-fold greater affinity of CRP for a synthetic
(perfect) CRP-binding site over the same sequence
with CRE-like G:C substitutions at base-pairs 6
and 17.*

We also confirmed that the CRP-related tran-
scriptional activator FNR does not play a role in
regulating expression of competence genes. FNR is
the only other member of the CRP family in
H. influenzae; in E. coli the two proteins have very
similar binding sites.*> FNR’s binding specificity
has not been investigated in H. influenzae, and it
could have evolved to bind to the CRP-related CRE
sites. However, a fur knockout, constructed by

o 8o Figure 5. Electrophoretic mobility
shift analysis of CRP-DNA com-
plexes. Bait DNAs are 130 bp frag-
ments amplified from H. influenzae
chromosomal DNA; control DNA
lacks an apparent CRP-binding site.
CRP-binding site alignment: capital
letters indicate agreement with the

Bait DNA comA-F promoter mgIBAC promoter
comA-F (CRE): tttTGCGAtccgecaTCGtAaaaa
mgiBAC (CRP): attTGIGAcatggaTCACAaat

Control

highly conserved regions of CRP-
binding sites, grey boxes highlight
the distinguishing bases of CRE
sites.
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insertion of a KanR cassette, had no effect on
competence in sBHI or MIV (data not shown).

Sxy regulates expression of the CRE regulon

A sxy knockout mutant is unable to become
competent and fails to induce expression of comF
and dprA lacZ-fusions.'®**>* To find out whether
Sxy controls all CRE regulon genes, and whether
it controls other genes, we used microarrays to
compare MIV-induced gene expression in cells
carrying a sxy knockout® with that in wild-type
cells. Except for ssb (reduced only two- to threefold)
genes in the CRE regulon were expressed at 20-200-
fold lower levels in the mutant. The purple bars in
Figure 3 show the magnitude of the Sxy depen-
dence for the first gene in each transcription unit.
Although the level of comF transcripts was too low
to measure reliably in microarrays, Zulty et al. have
shown that Sxy is needed for comF expression®” and
we have now confirmed this with quantitative PCR.
With one exception, expression of genes lacking
CRE sites was not changed by deletion of sxy,
indicating that Sxy’s only role may be to regulate
the CRE regulon genes.

The one exception was the operon containing
genes HI0658-0654. These are moderately compe-
tence-induced (four- to tenfold) with the same
kinetics as the CRE regulon genes, and this
induction depends on cAMP and Sxy. However,
no CRE sequence could be identified in the 160 bp
non-coding region upstream of HI0658, and none of
the genes’ functions are obviously related to DNA
uptake. This operon is directly downstream of the
CRE-regulated HI0660-0659 operon (Figure 3), so
transcription may read through from it into HI0658-
0654 (the intervening 160 bp lack any obvious
transcriptional terminator). Comparisons of
HI0658 and HI0659 to homologs in other species
confirmed the stop and start codon assignments.

Other starvation-induced genes
To ensure that no other competence genes had

been overlooked, all genes at least fourfold induced
in MIV were examined for function and for

All genes requiring CRP

CRE regulon
PurR regulon

sxy

Other

TrpR regulon
Other CRP-regulon genes

Figure 6. Starvation-induced genes. Categorization of
the 151 genes induced at least fourfold on transfer to MIV.

dependence on cAMP and Sxy (Figure 6). Most of
these 151 genes were found to be CRP-dependent,
consistent with the evidence that cAMP levels rise
during competence induction and with the large
number of CRP-regulated genes postulated by Tan
et al.> The induced genes included 23 of the 25
genes in the CRE regulon (ssb and comF did not
meet the fourfold induction criterion), two genes in
the PurR regulon, one in the TrpR regulon, and 81
other genes with CRP sites and cAMP-dependent,
sxy-independent expression in MIV (CRP-regulon
genes). The other CRP-regulon genes fell into
several groups: 27 genes of unknown functions, 23
genes involved in sugar utilization, and 31 genes
mainly with roles in nutrient uptake and central
metabolism. None of these non-CRE genes has been
implicated in DNA uptake.

Forty-four of the MIV-induced genes depended
on neither CRP nor Sxy. In addition to sxy itself
(discussed below), these included the PurR-regulon
and TrpR-regulon genes shown in Figure 2(c).
Although genes for synthesis of other amino acids
were not induced, transfer to MIV caused rapid
induction of genes for tryptophan biosynthesis,
presumably due to the lack of tryptophan in the
Casamino acid component of MIV. Supplemen-
tation of MIV with tryptophan did not affect
competence development (data not shown). Genes
in the purine biosynthetic pathway were also
rapidly induced, confirming that transfer to MIV
causes rapid depletion of purine pools. Genes for
pyrimidine synthesis (pyrD, E, F and G) were
expressed quite strongly during exponential
growth in sBHI and were not further induced by
transfer to MIV (Figure 2(c)). The final categories of
MIV-induced genes comprise 15 genes whose
functions have no obvious connection to compe-
tence, and 13 genes whose functions are unknown.
The lack of any competence-related genes in this set
suggests that the CRE regulon includes all of the
genes that need to be induced for competence
development.

Genes not induced in MIV

The many genes that were not induced on
transfer to MIV medium include genes reported to
play roles in DNA uptake or recombination. Most of
these were expressed at moderate to high levels in
sBHI, indicating likely roles in normal growth.
These include genes likely to have general effects on
transcription and translation (topA, atpA, fis),'*****
a gene that affects protein export (por),'* genes that
affect peptidoglycan metabolism and cell division
(murE, pbpl, pbp2, rodA, mreB, pgsA, ftsN),>*>'* and
a gene required for DNA utilization by E. coli
(com]).">*® We also examined the sites of mini-
Tn10kan insertions that had been isolated by Tomb
et al.'> but not previously mapped to specific genes.
Comparison of the original restriction maps with
the genome region identified by Southern blotting
showed that the insertions in the JG6 cluster of
mutants are all in the trmE gene (a tRNA
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methyltransferase), the insertion in JG27 is in gor
(glutathione reductase), and the insertion in JG49 is
in the 250 bp segment between rpoB and rpoC. None
of these were induced in MIV.

Genes down-regulated in MIV

Many of the 44 genes down-regulated at least
fourfold play roles in translation. Transcription of
the 29 genes in the two ribosomal protein operons
(HI0776-HI-786 and HI0788-HI0803) was reduced
transiently, though not all genes met the fourfold
reduction cutoff. The conserved operon containing
nusA and infB was also down-regulated, as was
rpoBC. The other down-regulated genes did not
fall into any evident groups; cya was the only down-
regulated gene with a known connection to
competence.

Expression of regulatory genes

Regulation of CRP and cAMP

Unlike its E. coli homolog, the H. influenzae crp
promoter has no CRP sites; consistent with this,
microarrays showed that crp mRNA was only
weakly induced by transfer of cells to MIV (Figure
2(d)) and unaffected by mutation of cya. The
H. influenzae cya gene, like its E. coli homolog, has
a good CRP site overlapping its promoter, which is
predicted to act as a re oressor rather than an
activator of transcription.”” Consistent with this,
cya mRNA was sharply decreased after transfer to
MIV (Figure 2(d)) and increased about sixfold in cya
mutant cells. The icc gene (cAMP phosphodiester-
ase) was induced five- to sixfold in MIV (Figure
2(d)) and decreased about twofold in the absence of
cAMP. The induction of icc in MIV will increase
cAMP turnover and, with decreased transcription
of cya, limit the cell’s long-term response to
activation of adenylate cyclase by the PTS. The sxy
knockout mutation had no effect on transcription of
cya, icc or crp.

Regulation of Sxy

The regulatory gene sxy was induced 16-40-fold
after transfer to MIV, with maximum expression in
the 30 minute sample (Figure 2(d)). This induction
is consistent with Sxy’s role as a positive regulator
of CRE-regulon genes, and with previous primer-
extension analy51s ® The cya mutation had no effect
on sxy expression, contrary to a previous report that
cAMP induces sxy transcription.’*** Expression of a
lacZ fusion to the sxy promoter does not depend on
the presence of an intact sxy gene, so autoregulation
is not a factor, but differences between results with
transcriptional and translational fusions suggest a
role for post-transcriptional regulation.**

Other genes with regulatory roles were not
induced by transfer to MIV. Although point
mutations in murE are known to increase express10n
of the CRE-regulon genes comA and rec-2,*

expression of murE and other genes involved in
cell wall synthesis and recycling was not altered by
any of the treatments tested. With the exception of
radC, genes with direct roles in DNA recombination
and repair were not induced by transfer to MIV and
are not regulated by CRP or Sxy (lig, mutT, mutY,
radA, recA, recBCD, recF, recG, recN, recO, recR,
ruvABC, ung, uvrABCD). Expression of the genes for
mismatch repair was neither increased nor
decreased in our array experiments, suggesting
that recombination of heterologous DNA may not
have played a significant role in the evolution of
competence.

Competence development in rich medium

Cultures become modestly competent in colonies
on sBHI agar plates and when liquid sBHI cultures
approach stationary phase.*” With the exception of
ssb, all genes in the CRE regulon were also modestly
induced (4-20 times) as stationary phase
approached during growth in rich medium (data
not shown). This suggests that the low level of
competence seen at this stage is not due to failure of
a particular competence function, but to a general
low induction of all components. This is supported
by the modest increases in expression of sxy and of
the CRP-regulon genes induced in MIV.

Discussion

What do the CRE-regulon genes do?

DNA uptake and translocation functions

Several of the genes in the CRE regulon are
known to have roles in assembly of the uptake
machinery or in DNA transport. Insertions disrupt-
ing comA and comC prevent DNA binding and
uptake; however, their mutant phenotypes could be
due to polar effects on comE. ComA is predicted to
be cytoplasmic and ComC to be targeted to the
inner membrane. ComE is a member of the secretin
family of gated pore proteins associated with type
IV pili. The pilA gene encodes a typical pilin subunit
of type IV pili; the pilBCD genes are homologous to
genes for pilin processing and pilus assembly. As
H. influenzae lacks visible type IV pili these genes
likely produce a short pseudopilus. An insertion
disrupting the inner-membrane protein Rec-2
allows DNA binding and uptake into the periplasm
but the DNA cannot be translocated into the
cytoplasm.® Mutations in comF (or1g1na1 name
com101A) cause a similar phenotype.*” The ComE1
protein is homologous to the C-terminal region of
the Bacillus subtilis DNA-uptake protein ComEA,
and our preliminary data implicate ComEl in
DNA uptake by H.influenzae (S. Molnar & R.R.,
unpublished results).

Genes in the HI0938-0941 operon have not
previously been associated with competence. They
have good homologs only in the Pasteurellaceae,
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but weak homologs occur in similar operons in
many other bacteria. All are predicted to be secreted
from the cytoplasm, and an insertion in HI0938
prevents DNA uptake. (S. Molnar & R.R., unpub-
lished results). HI1182/1183 (incorrectly annotated
as two ORFs due to a sequencing frameshift)
belongs to a small family of ATP-dependent DNA
ligases with signal sequences for secretion into the
periplasm. Both the H. influenzae and Neisseria
gonorrhoeae ligases have been well-characterized
in vitro, but no periplasmic function is known.*¥*’

Cytoplasmic functions

The CRE-regulon proteins with known cyto-
plasmic functions all interact with DNA but have
not been implicated in DNA uptake. Insertions in
comM and dprA cause DNA entering the cytoplasm
to be degraded before it can recombine with the
chromosome.”™ ComM is a member of the YifB
subfamily of AAA-ATPase proteins, its possession
of a lon protease domam suggests it may be an ATP-
dependent protease  DprA (Smf) is also predicted
to bind ATP; it is required for transformation in a
number of bacteria and its homolog in Streptococcus
pneumoniae also protects DNA from degradation.”’
The SSB protein is ubiquitous and well character-
ized. Its ability to bind and stabilize single-stranded
DNA is essential for DNA replication and repair,
and also plays a role in homologous recombina-
tion.”® Perhaps because ssb transcripts are abundant
in log-phase cells, competence-specific regulation
had only modest effects. The function of radC is less
well understood; it encodes a RecG-like protein
thought to function at stalled DNA replication
forks, and is also a component of the S. prneumoniae
and B. subtilis competence regulons.?*>*>*

Other proteins

Other CRE regulon genes encode cytoplasmic
proteins of unknown function. HI0365 contains a
Fe-S oxidoreductase domain. HI0659 and HI0660
are short proteins that are conserved as an operon in
a number of distantly related bacteria; HI0659
contains a helix-turn-helix domain in the XRE
family.”® HI1631 has no known homologs.

In H.influenzae the ability to take up DNA
develops as a unified response to changing con-
ditions. The CRE regulon contains all competence
genes induced in MIV starvation medium and all
genes regulated by Sxy, suggesting that the regu-
lation of competence will be understood only when
we understand the regulation of sxy expression and
its role in expression of the CRE-regulon genes.
Both depleted purine pools and mutant forms of
murE can cause overexpression of CRE-regulon
genes, and our preliminary results indicate that
both act by increasing sxy expression (Q.Q. & J. Hill,
unpublished results). Furthermore, sxy point
mutations causing hyper-competence affect base-
pairing in the 5'-leader of sxy mRNA.** This may
reflect coupling of transcription to translation,

involvement of antisense RNA or action of a
riboswitch.>®

This work has identified 11 new genes not
previously associated with competence. The most
intriguing of these is the periplasmic ATP-depen-
dent DNA ligase encoded by HI1182/83. Similar
secreted ATP-dependent DNA hgases are found in
Neisseria and several other bacteria;**** they belong
to one of two newly discovered families of bacterial
ATP-dependent DNA ligases. Both the H. influenzae
and Neisseria ligases are known to seal nicks but not
blunt ends, and Magnet & Blanchard presciently
speculated that they might function in compe-
tence.*” Consistent with this, transformation with
cloned fragments bearing restriction fragment
(“sticky”) ends often gives transformants contain-
ing conjoined DNA fragments, and a per1plasm1c
ligase activity was proposed in explanat10n5
However, there is no obvious role for ligation in
DNA uptake, and there is unlikely to be any ATP in
the periplasm, especially because one of the MIV-
induced genes is the periplasmic 5-nucleotidase
encoded by HI0206.%®

We do not know whether the remaining ten genes
of the CRE regulon all contribute to competence or
reflect a broader role of the CRE regulon, perhaps
resolving other problems created by depletion of
nucleotide pools. In B. subtilis and S. pneumoniae,
what were originally thought to be competence-
specific s1%nals control many genes of diverse
function.'”*0>* Competence regulons have not yet
been identified in other Gram-negative bacteria.
Characterization of the functions of the new CRE-
regulon genes and of possible CRE regulons in
related bacteria should help resolve this issue.

An unresolved question underlying any com-
parison of mechanisms or regulation is the evolu-
tionary origin of competence. The known
distribution is sporadic; bacteria from many differ-
ent lineages have been shown to take up DNA, but
often competence cannot be demonstrated in
their close relatives.” Competence may be truly
sporadic, arising independently many times in
lineages of otherwise non-competent bacteria, in
response to changing conditions, or it may have
arisen once early in bacterial evolution but be
frequently lost or undetectable in laboratory cul-
tures. The diversity of regulatory mechanisms
appears to support the former, but the evolution-
arily lability of gene regulation may mask ancestral
homology. The mechanisms of DNA uptake have
components that are clearly homologous in almost
all competent bacteria, and a better understanding
of their function may clarify the issue.

Materials and Methods

Microarray slide preparation

The H. influenzae whole genome mlcroarray was based
on the annotated sequence of the Rd strain.” Primer3
software® was used to design primer pairs to amplify an
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internal sequence of each ORF. Software parameters
dictated the annealing temperatures of approximately
55 °C and PCR product sizes between approximately 175
and 600 bp. BLAST analysis was used to minimize
homology with other ORFs within the genome. All PCR
products were confirmed using agarose gels. Reactions
with multiple or no products were repeated at lower and
higher annealing temperatures, and those that produced
incorrect-sized products had their primers redesigned.
PCR products of all 1738 H. influenzae genes were
spotted in duplicate onto poly-L-lysine-coated glass
microscope slides by a MicroGridIl robot (BioRobotics,
UK), using the facilities of the Bacterial Microarray Group
at St. George’s Hospital Medical School, London. Control
spots were: H. influenzae 55, 16 S and 23 S rRNA genes;
human and rat actin genes; and E. coli lacZ and glpD
genes. tRNA genes were not included. Slide Erocessing
prior to hybridization has been described.®* Quality
controls used the first and last slides of each print run.

Strains

KW20 is the standard H. influenzae Rd strain sequenced
by Fleischman et al.”” The MAP7, cya, and sxy knockout
strains have been described.”***?**” The FNR knockout
strain (RR838) was constructed by cloning the PCR-
amplified fur gene from KW20 into pGEM-T easy
(Promega), inserting a Sall-cut kanamycin-resistance
cassette from pW]C?;(’3 into the internal Xhol site, and
transforming the disrupted gene into KW20. The struc-
ture of the mutant gene was confirmed by Southern
blotting.

Culture 5growth and competence protocols have been
described.””** MIV medium contains (all amounts in pg/
ml): Arg, 21; Asp, 4032; Cys, 6; Glu, 314; Leu, 61; Lys, 35;
Met, 18; Ser, 65; Tyr, 42; Ile, 33; Gly, 2.5; His, 13; Val, 35;
Phe, 46; Thr, 20; Ala, 48; Pro, 50; fumarate, 1000; citrulline,
12; Tween-80, 200; NaCl, 4675; MgSO,, 124; CaCl,, 147;
KH,PO,, 1740. Cultures used for the time-courses were
pre-grown in sBHI at densities below 2 X 10® cfu/ml for at
least two hours before the first time point was taken.
Sample times are specified relative to t=0, when cells in
sBHI at a density of 8 X 10® (Agoo=0.2) were transferred to
MIV. Time-course samples were taken from cells in sBHI
at t=—70, —30, 45, 80 and 130 minutes, and from cells in
MIV at t=10, 30, 60 and 100 minutes. Competence of the
100 minute sample was confirmed by transformation to
Novobiocin resistance with DNA of the Nov® strain
MAP?. Samples for cya (four replicate experiments) and
sxy analysis (five replicate experiments) were taken after
100 minutes of incubation in MIV.

RNA methods

Aliquots of cells (usually 2 ml) were taken from liquid
cultures, pelleted (one minute at 10,000g), quick-chilled
and stored frozen at —80 °C. RNAs were prepared from
these pellets using Qiagen RNeasy kits, and were freed of
contaminating DNA with either Qiagen on-column
DNase I digestion or an Ambion DNA-Free kit. RNA
concentrations were determined spectrophotometrically
and RNA quality was assessed by gel electrophoresis.

Microarray methods

cDNAs from signal and control RNAs were labeled
with either Cy3 and Cy5 or Cy5 and Cy3, respectively, in
corresponding replicate experiments to limit artifacts
caused by the potential differences of Cy3 or Cy5 in

labeling efficiency. Production of cDNA probes labeled
with Cy3 and Cy5 and microarray hybridization used
either of two protocols, one developed by the Bacterial
Microarray Group for labeling with Cy3-dUTP and Cy5-
dUTP® and the other by TIGR for amino-allyl labeling
with Cy3 and Cy5+. For analysis of time-course samples, a
control RNA pool containing equal amounts of RNA from
all nine samples was prepared and used as competitor for
each sample. This improves the quantification of RNAs
that are expressed at very low levels in some samples.”

Analysis of microarray data

Microarray slides were scanned and intensity data
collected from the images using Imagene software.

Time-course data

Data for virtual =0 minute samples from the time-
courses were created by averaging the two exponential
growth samples (t= —70 and t= —30 minutes). The data
were imported into GeneSpring (Silicon Genetics, v6.0)
and assembled into the multi-sample experiments indi-
cated in Figure 1 (e.g. see Figure 2). Datasets were
normalized using GeneSpring’s default “per spot” nor-
malization step and a modified “per chip” normalization
that restricted the measurements used in the calculation
of the median to current normalized values of at least
0.01. In addition, extra background correction was
applied when needed.

cAMP and sxy data

Replicate slides were combined into a £cAMP dataset
and a *sxy dataset, and each dataset was normalized
using the default per chip step and a refined per spot step
that decreased the cut-off value of the control channel
from 10 to 0.01 to improve the spot-detection sensitivity.

Quantitative PCR

RNAs were prepared from an independent MIV time-
course (-40, and 0 minutes in sBHI, 20, 60 and 100 minutes
in MIV), from wild-type and sxy knockout cells at 60 and
100 minutes in MIV, and from cya knockout cells at 60 and
100 minutes in MIV +1 mM cAMP. cDNA templates were
generated using the iScript cDNA synthesis kit (BioRad).
Reactions were carried out in duplicate in a 7000 SDS
(Sequence Detection System) (Applied Biosystems) using
the iTagSYBR Green Supermix with Rox (BioRad) and
primers designed with Primer Express 2.0 (Applied
Biosystems) and on-line Net Primer for PCR products.
The standard curves used five serial fivefold dilutions of a
MAP7 genomic DNA template. Relative RNA abundance
measurements were calculated by normalizing derived
quantity of cDNA template (ssb or comF) to that of a
control (murG), chosen because of its strong constant
expression in the microarray time-courses.

Electrophoretic mobility-shift assays

Fragments containing the mgIBAC and comA-F promo-
ters (each 130 bp) were PCR-amplified from H. influenzae
genomic DNA, purified on a 5% (w/v) acrylamide gel,
and internally labeled in 12.5ul reactions containing

thttp:/ /www.tigr.org/tdb/microarray /
protocolsTIGR.shtml
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50ng of DNA, 6 uM of each PCR primer, 50 uM
d(C,G,T)TP mix, 2uM dATP, 0.8 uM [a->*P]dATP
(2500 Ci/mmol), 1X Klenow buffer, and two units of
Klenow enzyme. DNA and oligonucleotides were heated
to 94 °C for three minutes then placed on ice. Nucleotides,
buffer, and enzyme were then added and the reaction was
incubated at room temperature for two hours. The
reaction was stopped by heating to 80 °C for 20 minutes,
diluted in 150 ul of TE (10 mM Tris, 1 mM EDTA
(pH 7.5)), and stored at —20 °C. CRP was purified from
E. coli (DH5a) cells carrying the plasmid pXN15, which
encodes E. coli crp and its native promoter.***® Protein
purity was assessed using SDS-PAGE and Coomassie
staining and protein concentration was measured using
the BioRad DC Protein (Lowry) assay. Binding reactions
(10 pl) contained 10 mM Tris (pH 8.0), 50 mM KCI,
0.5mM EDTA, 10% (v/v) glycerol, 250 ug/ml bovine
serum albumin, 100 uM cAMP, 1 mM dithiothreitol,
40 pug/ml poly(dI-dC) DNA, 2.8ng labeled DNA
(400,000 cpm/ng), and purified CRP as indicated. Reac-
tions were incubated at room temperature for ten minutes
then loaded onto a prerun polyacrylamide gel (30:1
acrylamide/bisacrylamide; 0.2 X TBE (89 mM Tris, 89 mM
borate, 2 mM EDTA (pH 8.3)), 2% glycerol, and 200 uM
cAMP; running buffer 0.2XTBE and 200 pM cAMP).
Following electrophoresis for 2.5 hours at 100V, the gel
was dried and exposed for one hour to a phosphor screen.
Bands were visualized using a STORM 860 scanner.

Sequence analysis

The program RSA-tools was used to search for
sequences resembling CRE sites.*® The input matrix was
based on the first nine CRE sequences shown in Figure 3,
using the calculations described by Macfadyen.?
Sequence motifs were identified using the programs
Consensus,” Gibbs recursive sampler*’ and Bioprospec-
tor.*! Sequence logos were generated using WebLogo.””

Database deposition

Fully annotated data from these arrays have been
placed in the BuG@Sbase, accession no. E-BUGS-20
(http:/ /bugs.sghms.ac.uk/E-BUGS-20) and ArrayExpress
accession no. E-BUGS-20.
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Note added in proof: While this paper was under review, Van Waggoner et al. also identified the CRE sites in
the HI0665, HI0938 and HI1182 gene promoters and used real-time PCR to confirm competence-induced
expression (Van Waggoner et al. (2004). J. Bacteriol. 186, 6409—-6421). Gene knockouts showed that HI0366 (but
not HI0365) and HI0939 are required for DNA uptake, and that HI1182 plays a modest role in transformation
but is not required for DNA uptake.
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