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Summary

Many bacteria are naturally competent, able to bind
and take up DNA from their extracellular environment.
This DNA can serve as a significant source of nutri-
ents, in addition to providing genetic material for re-
combination. The regulation of competence in several
model organisms highlights the importance of this
nutritional function, although it has often been over-
looked. Natural competence is induced by starvation
in Haemophilus influenzae, the model for competence
regulation in the gamma-proteobacteria. This induc-
tion depends on the activation of the global metabolic
regulator CRP, which occurs upon depletion of phos-
photransferase sugars. In this work, we show that the
depletion of purine nucleotides under competence-
inducing conditions activates the CRP-dependent
competence-specific regulator Sxy. Depletion of extra-
or intra-cellular purine nucleotides activates Sxy
translation, while high levels inhibit it. This is modu-
lated by the stem structure formed by sxy mRNA. The
exact mechanism by which the nucleotide depletion
signal is transduced is unclear, but it does not involve
direct binding of purine intermediates to the sxy
stem, and does not require Hfq or competence pro-
teins. Similar regulation occurs in the relatives of
H. influenzae, Actinobacillus pneumoniae and A. suis,
confirming the importance of processes enabling
competent bacteria to exploit the abundant DNA in
their environments.

Introduction

Natural competence is the ability of bacteria to actively take
up DNA from their environment. Since this DNA can recom-
bine with the chromosome and change the cell’s genotype
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(transformation), natural transformation is a major mecha-
nism of genetic exchange, shaping bacterial genomes and
spreading alleles that increase bacterial survival and
virulence (Domingues etal., 2012; Livermore, 2012).
However, most DNA taken up by competent cells is
degraded, providing nucleotides, elements (C, N, P) and
energy, but no genetic information (Pifer and Smith, 1985;
Stewart and Carlson, 1986). This suggests that DNA
uptake could make a significant contribution to cellular
metabolism. However, although nutritional signals affect
competence development in most model systems, their
roles are often thought to be indirect (Solomon and
Grossman, 1996; Macfadyen, 2000; Finkel and Kolter,
2001; Palchevskiy and Finkel, 2006; Bosse et al., 2009;
Johnsborg and Havarstein, 2009; Kristensen et al., 2012).

Nutritional signals play a prominent role in competence
of Haemophilus influenzae, the model for gamma-
proteobacteria. The traditional method for competence
induction abruptly deprives cells of both nucleotides and
the carbon/energy resources needed for nucleotide syn-
thesis (Maughan et al., 2008). On the molecular level,
when phosphotransferase (PTS) sugars are unavailable, a
rise in intracellular cAMP levels activates CRP (cAMP
Receptor Protein) to induce transcription of sugar utiliza-
tion genes (containing the canonical CRP-N binding site)
and of the competence activator sxy (Dorocicz et al., 1993;
Macfadyen, 2000; Redfield et al., 2005). Sxy and CRP
together then activate transcription of the 25 genes in the
CRP-S regulon (containing the non-canonical CRP-S
binding site), whose products enable the cell to take up
DNA (Redfield et al., 2005; Cameron and Redfield, 2008;
Sinha et al., 2012).

Though the PTS sugar depletion cascade that controls
cAMP and CRP is well understood, the signals and mecha-
nisms that control Sxy translation are less clear. In addition
to transcriptional control by CRP, Sxy is subject to transla-
tional control by an mRNA stem structure (Cameron et al.,
2008). Competence development requires the unfolding of
this stem, and mutants in which the stem is weakened are
hypercompetent (Cameron et al., 2008). In Vibrio cholerae
and its relatives, where the regulation of competence and
of Sxy has also been extensively studied, a similar stem
in the sxy homologue tfoX (Yamamoto etal., 2010)
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transduces a nutritional signal, the availability of the N-
acetylglucosamine polymer chitin (Meibom et al., 2005;
Pollack-Berti et al., 2010; Yamamoto et al., 2010; 2011;
Antonova and Hammer, 2011; Suckow etal., 2011;
Antonova et al., 2012; Blokesch, 2012; Lo Scrudato and
Blokesch, 2012; Seitz and Blokesch, 2012). In response to
chitin, a small Hfg-regulated RNA, tfoR, modulates tfoX
translation by base pairing with part of the stem (Yamamoto
etal., 2011).

Although the regulatory inputs controlling H. influenzae
sxy translation are not known, depleted nucleotide pools
have been implicated in competence induction. The star-
vation medium that maximally induces competence (MIV)
lacks nucleotides, and microarray studies have confirmed
that the abrupt transfer from rich medium to MIV sharply
induces purine biosynthesis genes (Herriott et al., 1970;
Redfield etal, 2005). In addition, Macfadyen etal.
showed that the addition of extracellular purine nucleo-
tides represses natural competence (Macfadyen et al.,
2001). The biggest repressing effect was seen with the
nucleotides AMP and GMP and the nucleoside guano-
sine, while adenosine had a smaller effect and bases had
little; this difference was attributed to differences in the
transport process (Macfadyen et al., 2001).

Our understanding of H. influenzae’s purine metabolism
and regulation derives from parallels with Escherichia coli
and is shown schematically in Fig. 1. Extracellular nucleo-
tides are converted to their respective nucleosides in the
periplasm, and these are transported into the cytosol by
NupC. In the cytosol, DeoD converts purine nucleosides to
their respective bases; these canin turn be converted back
into nucleotides by the HPRT and APRT phosphoribosyl
transferases (Gots and Benson, 1973). Engodenous
purine biosynthesis involves multiple steps to convert
PRPP to the intermediate ribonucleoside monophosphate
IMP, and is repressed by the master regulator PurR when
extracellular nucleotides are available (Fig. 1). Aside from
purine biosynthesis genes, PurR regulates genes for
purine transport, salvage and interconversion pathways,
and also downregulates the genes in pyrimidine biosyn-
thetic and transport pathways (Ravcheev et al.,, 2002;
Zhang et al., 2008; Cho et al., 2011). In the presence of
guanine or hypoxanthine, E. coli PurR binds to a 16 bp
palindromic sequence located within the promoter region
of pur regulon genes (Cho et al., 2011). In H. influenzae,
similar binding sites are found upstream of purgene homo-
logues (Mironov etal., 1999; Ravcheev etal, 2002).
PurR’s role in natural competence is not known, though
Macfadyen et al. hypothesized that it might repress one or
more competence genes to prevent DNA uptake when
purines are abundant (Macfadyen et al., 2001). In this work
we investigate the role of nucleotide availability on compe-
tence regulation and find that purine availability instead
controls competence by controlling Sxy translation. We
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Fig. 1. Purine nucleotide transport and metabolism in

H. influenzae. Both extracellular purine pools and endogeneous
purine biosynthesis affect purine nucleotide levels in the cytoplasm.
Extracellular nucleotides are transported across the outer
membrane and immediately converted to nucleosides by a
5’-nucleotidase. These nucleosides are then transported across the
inner membrane by NupC. Once inside the cytosol, nucleosides are
converted to bases and nucleotides. De novo purine biosynthesis
uses ribose-5-P to generate the purine intermediate IMP in multiple
steps requiring PurR-regulated enzymes. IMP can be converted to
the purine nucleotides AMP or GMP. PRPP, phosphoribosyl
pyrophosphate; APRT, adenine phosphoribosyltransferase; HPRT,
hypoxanthine-guanine phosphoribosyltransferase; AICAR,
5-Aminoimidazole-4-carboxamide ribonucleotide.

also show that nucleotide availability regulates compe-
tence in Actinobacillus pneumoniae and A. suis, relatives
of H. influenzae, confirming the importance of such
regulation.

Results
Extracellular purine nucleotides reduce Sxy translation

Macfadyen et al. showed that the addition of purine nucleo-
tides reduced competence 100-fold (Macfadyen et al.,
2001). They also showed that AMP addition reduced
expression of two competence genes, suggesting that it
acts on competence induction rather than later stages of
competence. We confirmed this by showing that AMP
addition only repressed competence when added as or
shortly after cells were transferred to MIV, and that it had no
effect when added at later time points when cells are
already competent (Fig. 2). Macfadyen et al. also showed
that AMP addition does not change the PTS/cAMP
response to MIV (Macfadyen et al., 2001), so we hypoth-
esized that it might affect the competence-specific activa-
tor Sxy. Western blotting showed that Sxy protein levels
were severely reduced by the addition of AMP (Fig. 3A,
bottom graph), suggesting that competence is low in the
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Fig. 2. Effect of the timing of AMP addition to the inhibition of
competence. sBHI-grown cells were transferred to MIV with 1 mM
AMP added at different times during the MIV 100 min incubation.
Transformation frequency was measured after 100 min. Each bar
represents the mean of three biological replicates + standard
deviations.

presence of purine nucleotides because Sxy levels are low.
In contrast, qPCR showed that sxy mRNA was unchanged
by the addition of AMP (Fig. 3A, top graph), suggesting that
purine nucleotides specifically regulate Sxy translation.
To determine whether the based-paired stem of sxy
mRNA is the sensor that responds to purine nucleotides,
we measured RNA and protein levels in the hypercom-
petent mutant sxy-1. In this mutant, a G-A transition at
position 106 destabilizes the mRNA stem (Fig. 3B) and
increases sxy translatability; analysis of compensatory
mutations confirmed the essential role of base pairing
(Redfield, 1991; Cameron et al., 2008). In contrast to wild
type, sxy-1 cells maintained high levels of Sxy protein in
MIV + AMP (Fig. 3A, bottom graph), and competence was
unaffected by the addition of AMP or other purine sources
(adenine, adenosine or GMP) (Fig. 3C). Together these
results provide further evidence that purine nucleotides
directly affect Sxy translation. Competence was also inde-
pendent of AMP in the other available stem sxy-2-5
mutants (Fig. 4), whose mutations fall elsewhere in the
sxy mRBNA stem, but have the same destabilizing effect
(Fig. 3B) (Cameron etal., 2008). The sxy-6 mutant,
whose compensatory mutations restore base pairing in
the stem and thus increase its stability (Cameron et al.,
2008), served as a negative control (Figs 3B and 4). The
murE749 hypercompetent strain (Ma and Redfield, 2000)

provided another important control because the mutation
that makes it hypercompetent is in murE itself and not in
the sxy stem. The sensitivity of murE749 to AMP (Fig. 4)
confirmed the specificity of the stem mutants’ resistance
to AMP. The insensitivity of mutants with destabilized
stems to AMP is thus not simply attributable to higher
levels of Sxy protein, and suggests that the sxy mRNA
stem plays an important role in sensing and/or responding
to nucleotide availability.

PurR’s role in purine nucleotide repression of
competence is indirect

Macfadyen et al. found candidate PurR binding sites in
the promoters of several CRP-S genes, suggesting that
they may be repressed under conditions when PurR is
active (Macfadyen et al., 2001). We therefore checked for
this additional level of competence regulation by purine
nucleotides.

The first step was to search for candidate PurR binding
sites in the CRP-S promoters of competence gene. Using
the E. coli PurR motif as a starting point, Ravcheev et al.
developed species-specific scoring matrices for H. influen-
zae and several other gamma-proteobacteria (Ravcheev
et al., 2002). We used their H. influenzae matrix to score
the H. influenzae genome. Promoters with high-scoring
sites include expected purine biosynthesis genes, as well
as cytoplasmic and periplasmic phosphatases (Table 1).
The only competence gene was rec2 (score 5.31), whose
product is required for translocation of ssDNA across the
inner membrane (Barouki and Smith, 1985). The regions
upstream of other H. influenzae CRP-S genes did not
contain candidate PurR sites (highest score: 4.19,
upstream of the sxy gene). Though the candidate rec2 site
had not been detected in previous studies (Mironov
etal., 1999; Ravcheev etal.,, 2002), it is conserved in
20 sequenced H. influenzae genomes. However, such
sites were not found upstream of rec2 homologues in
other Pasteurellaceae or gamma-proteobacteria (E. coli,
V. cholerae), and recent ChlP and gene expression studies
of E. colidid not identify rec2 as a PurR target (Cho et al.,
2011).

To directly test whether PurR represses H. influenzae
rec2, we measured expression of a rec2::lacZ fusion in
the presence and absence of PurR. We constructed an
insertion deletion mutant of purR, replacing amino acids
5 to 299 of PurR with a kanamycin-resistance cassette,
ensuring that both the DNA-binding and catalytic activities
were disrupted. In this strain, purine biosynthesis genes
are expected to be constitutively expressed at all growth
stages. As negative and positive controls, we also tested
expression of lacZ fusions to the CRP-S gene comA and
to the PurR-regulated gene purH. As shown in Fig. 5A
and B, deletion of PurR did not change rec2 or comA
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Fig. 3. Purines repress Sxy expression
unless the mMRNA stem is weakened.

A. gPCR (top) and western blot (bottom)
analysis of sxy RNA and protein expression in
the presence (grey bars) and absence (black
bars) of 1 mM AMP after 100 min in MIV (see
Experimental procedures for details). Error
bars represent the mean of three biological
replicates. Sxy protein levels are relative to
the unidentified protein used for internal
standardization in Cameron et al. (2008). A
representative Western blot below the bottom
graph shows Sxy protein and the
standardization protein. WT, Wild type.

B. Secondary structure of sxy mRNA. The
stem structure, the position of individual
mutations and other relevant sequence
features are shown.

C. sBHI-grown cells were transferred at ODgoo
0.2 to MIV with (grey bars) or without (black
bars) 1 mM purine source for 100 min before
measuring transformation frequency

(Ade = adenine, Ado = adenosine). Each bar
represents the mean of three biological
replicates + standard deviations. WT, Wild
type.

Fig. 4. Competence is insensitive to purine
addition in stem loop mutants. sBHI-grown
cells were transferred at ODggo 0.2 to MIV with
(grey bars) or without (black bars) 1 mM AMP
for 100 min before measuring transformation
frequency. Each bar represents the mean of
three biological replicates + standard
deviations. WT, Wild type.
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Table 1. Putative PurR binding sites in H. influenzae.

Score Sequence ORF Position Transcript Process

6.00 ACGCAAACGTTTGCTT H10887 —63 purH-purD-glyA purine biosynthesis

5.97 AAGCAAACGTTTGCTA HI1726 =77 hemH (purC) purine biosynthesis

5.85 AAGCAAACGTTTGCGA HI1429 -63 purM-purN purine biosynthesis

5.7 AAGCAAACGTTTGCAT HI0752 1 purl purine biosynthesis

5.74 AAGAAAACGTTTGCGT HI1206 -82 CcVpA-purF purine biosynthesis

5.70 AGGCAAACGTTTGCTA HI1615 -75 purE-purK purine biosynthesis

5.68 AAGTAAACGTTTGCGT HI0125 -83 HI0125 unknown

5.31 ATGCAAACGGTTGCTT HI10061 -70 rec2 natural competence
5.27 TAGCAAACGCTTTCTT HI0609 —45 folD 1-carbon metabolism
5.16 TTGCAAACGGTTGCTT HI1736 -95 HI1736 unknown

5.11 TGGCAAACGATTGCTA HI10495 -85 aphA phosphatase, periplasmic
4.88 AAGTAAACGATTGTGT HI0464 -34 piA-serA purine biosynthesis

4.84 AGGAAAACGTTTCCGT HI0638 —26 hflD-purB purine biosynthesis

4.59 ATGCAAACGATTACTC HI0667 -76 glpX phosphatase,cytoplasmic
4.54 ATAAAATCGTTTGCTA HI1153 -41 hpt purine biosynthesis

The PurR-binding motif of Ravcheev et al. (2002) was used to score the H. influenzae Rd KW20 genome (see Experimental procedures). The
sequences for ORFs on the reverse strand have been reverse complemented. The rec2 site is shaded and bold. ORF indicates the gene nearest
to the site. Position indicates the distance of the start codon from the distal end of the site (total site length = 16 bp). Transcript indicates the
predicted genes regulated by the PurR site. Process indicates annotated metabolic processes encoded by the transcript. All 20 sequenced
H. influenzae genomes had putative sites upstream of rec2, 18 with the same score as Rd KW20, and two strains (22.4-21 and PittEE) with better

sites (site: ATGCAAACGTTTGCTT, score: 5.75).

expression, when CRP/Sxy expression was low (after
overnight culture or in early log phase), intermediate (late
log phase), or high (upon transfer to MIV). As expected,
expression of rec2 and comA remained low in cells trans-
ferred to AMP-supplemented MIV, and did not change
upon deletion of purR. In contrast, purH was strongly
induced by the absence of PurR under all conditions
tested (Fig. 5C). A careful time-course monitoring rec2
expression throughout growth in sBHI also showed no
effect of purR deletion (data not shown). These results
confirm that PurR does not repress rec2.

One further test was to assess competence of the purR-
strain in the presence of purines: if purine nucleotides’
repressing effect on competence is mediated through
PurR, the effect should disappear in the purR- strain. As
shown in Fig. 6A, the addition of AMP still reduced com-
petence in the purR- strain. These results in combination
with those of Fig. 5 confirm that purine repression of com-
petence is not mediated by PurR’s repression of compe-
tence genes.

Increased intracellular purine nucleotides repress sxy
expression by blocking translation

Figure 6A shows that not only was competence not raised
in cells lacking purR, it was lowered ~ 10-fold; this was not
due to differences in growth of the mutant strain (Fig. S2).
Cells lacking PurR are expected to have elevated intra-
cellular purine nucleotide pools due to constitutive expres-
sion of purine biosynthesis genes, so we hypothesized
that the reduced competence of the purR strain might

have the same cause as that of wild-type cells treated with
extracellular purine nucleotides.

To test whether elevated purine pools cause the com-
petence defect of the purR- strain, we eliminated endog-
eneous purine biosynthesis in this strain by further
knocking out purH, whose product converts AICAR into
IMP, the last common precursor of AMP and GMP (Fig. 1).
In this strain, all purine biosynthesis genes are constitu-
tively expressed but purines cannot be synthesized. As
shown in Fig. 6A, the purH mutation restored compe-
tence of the purR- strain to wild-type levels, confirming our
hypothesis. Next, we measured Sxy protein levels and
found them to be significantly reduced in the purR- strain,
and similar to wild type in the purR- purH- strain (Fig. 6B).
As expected, sxy mRNA levels were similar in all strains
(Fig. 6B). Finally, because mutations that weaken the sxy
mRNA stem overcome the inhibitory effect of high extra-
cellular purines, we tested whether they could also over-
come the competence defect of the purR~ strain. As
shown in Fig. 6A, the competence defect of the purR-
strain was abolished by the sxy-1 mutation. Collectively
these results confirm that increased purine nucleotide
pools, whether extracellular or intracellular, reduce com-
petence by blocking Sxy translation.

Because the removal of endogeneous purine biosynthe-
sis overcame the repression of competence by high intra-
cellular purine pools (purR~ purH- strain), we tested its
effect on the repression of competence by extracellular
AMP. As shown in Fig. 6A, addition of the purH- mutation
made the purR- strain insensitive to 1 mM AMP. Surpris-
ingly, a purR" purH strain was also insensitive to AMP
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(Fig. 6A), suggesting that the repression of competence by
AMP is overcome by the accumulation of intermediates in
the purine biosynthesis pathway upstream of PurH. In
Salmonella enterica, purH- cells have increased PPRP
pools due to feedback inhibition of purF and other
upstream purine biosynthesis genes by AICAR (Allen
et al., 2002; Bazurto and Downs, 2011). Since PRPP is
needed to convert bases to nucleotides, it is possible that
cells lacking purH are better able to convert extracellular
purines. To test whether the phenotype of the purH- strain
is attributed to increased PRPP pools, we created a knock-
out in purF. PurF carries out the first step in the purine
biosynthetic pathway, the conversion of PPRP (phospho-
ribosyl pyrophosphate) to ribosylamine-5P (Fig. 1). We
also created a knockout of hisF, a cyclase enzyme required
for the last step of histidine metabolism that also produces
AICAR (Fig. 1). We found that competence was still inhib-
ited by AMP in cells lacking hisF, while cells lacking purF,
like those lacking purH, were insensitive to extracellular
AMP addition (Fig. 6A). This confirms that increased intra-
cellular PRPP pools enable competent cells to overcome

the inhibitory effects of extracellular purine nucleotides.
Because the inhibition of competence by purine nucleo-
tides is concentration-dependent (Macfadyen et al., 2001),
we tested whether AMP at higher concentrations would
overcome the higher PRPP pools of purH- cells and inhibit
competence. As shown in Fig. 6C, competence was inhib-
ited by AMP concentrations as low as 0.1 mM in wild-type
cells, whereas comparable inhibition was only seen
upwards of 4 mM AMP in purH- cells. In contrast, inhibition
of the sxy-1 strain occurred only at concentrations high
enough to significantly affect viability (Figs 6C and S1).

Purine regulation of Sxy translation is indirect

The above results suggest that an increase in intracellular
purine pools limits Sxy translation and competence. The
simplest model is that cytosolic purine intermediates
directly bind to the sxy mRNA stem, and stabilize it to
repress translation. Testing whether the Sxy stem itself
responds to purines is complicated by additional levels of
regulation present in H. influenzae. Thus we instead

© 2013 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology, 88, 1106—1119
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measured the expression of a translational sxy::lacZ
fusion in the presence and absence of purine sources in
E. coli. In this fusion, the lacZ:kan cassette is fused to
codon 89 of the H.influenzae sxy coding sequence,
leaving the stem intact (Fig. 3B) (Cameron et al., 2008).
As positive and negative controls, we used plasmid-
encoded versions of the transcriptional /lacZ fusions to
H. influenzae purH and comA described above. We tested
expression of all fusions both in rich and minimal media.
As expected, the expression of purH was lowered by AMP
addition in both media (Fig. 7). The difference in expres-
sion between these media likely reflects inhibition of purH
expression by abundant purines in the Luria—Bertani (LB)
medium. Also as expected, the expression of the negative
control comA was the same in both media and was
unchanged by AMP addition (Fig. 7). The expression from

the sxy stem was high [two- to fivefold higher than that
seen under competence-inducing conditions in H. influen-
zae (Cameron et al., 2008)], but was not changed by AMP
even at higher concentrations, or by GMP, adenine or
adenosine (Fig. 7). This suggests that exogeneous purine
nucleotides do not limit Sxy translation in E. coli.

Purine regulation of Sxy translation does not require Hfq

We next tested whether Sxy translation was regulated
by a small regulatory or antisense RNA, which would
respond (directly or indirectly) to purine levels. Translation
of the V. cholerae sxy homologue is activated by the
global RNA regulator Hfg and the small RNA tfoR
(Yamamoto etal, 2011). Moreover, Cameron et al.
showed that such regulation is possible in H. influenzae,
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Purine repression of Haemophilus influenzae competence 1113 m— ———

8000 Fig. 7. The Sxy stem loop does not directly
respond to purines. The expression of
plasmid-encoded fusions in E. coli was
measured in the presence (grey bars) or

T absence (black bars) of purine sources, after

6000 30 min in M9 minimal medium (top graph) or

LB (bottom graph). The B-galactosidase

activity from the translational sxy::lacZ fusion,

and transcriptional comA::lacZ and purH::lacZ
fusions is shown as Miller units. The
concentrations of AMP are given below each
bar in mM; adenine (Ade) and adenosine

(Ado) were used at 1 mM. Each bar

represents the mean of three biological

replicates * standard deviations.
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as a ssDNA oligo designed to be complementary to part of
H. influenzae sxy mRNA competed with stem formation in
vitro and increased translation (Cameron et al., 2008).

To test whether Hfqg is involved in regulation of sxy
expression in H. influenzae, we examined the effect on
competence of a deletion of hfqg. Competence of the hfg
strain was reduced about 10-fold, a defect that was over-
come by the sxy-1 stem mutation (Fig. 8), suggesting that
Hfg may participate in the unfolding of the stem to enable
translation. However, competence was still strongly
repressed by AMP in the hfq™ strain by the same factor as 10°
wild-type cells (Fig. 8), indicating that if Hfq participates in AMP = + = + =
sxy regulation, it does not do so by sensing purine pools. WT hig- o

-
9

Transformation frequency
— —
= o

+

HI0365- HI0B60- HI1631-

Fig. 8. AMP inhibits competence in mutants of hfg, HI0365,

Purine regulation of Sxy translation does not require
HI0660 and HI1631. sBHI-grown cells were transferred at ODgoo 0.2

HI0365, HI0660 or HI1631

We recently characterized the competence phenotypes of
every CRP-S gene (Sinha et al., 2012). Several have no

to MIV with (grey bars) or without (black bars) 1 mM AMP for

100 min before measuring transformation frequency. Each bars
represents the mean of at least two biological replicates + standard
deviations. WT, Wild type; *hfq sxy-1.
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Transformation frequency
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TA, pleuro )

A. suis

Fig. 9. AMP inhibits competence in Actinobacillus
pleuropneumoniae (A. pleuro) HS143 and A. suis ATCC15557.
sBHI-grown cells were transferred at ODgoo 0.2 to MIV with (grey
bars) or without (black bars) 0.1 mM AMP for 100 min before
measuring transformation frequency. Each bar represents the mean
of three biological replicates * standard deviations. *A. suis Asxy.
The hashed bar represents the limit of detection of the sxy— strain.

role in the DNA uptake process and lack any character-
ized functions, so we tested whether any of these might
affect competence regulation in the presence of purine
nucleotides through feedback regulation of Sxy transla-
tion. As shown in Fig. 8 (right bars), the competence of
knockouts of HI0365, HI0660 and HI1631 was still
repressed by AMP, confirming that their products do not
affect purine regulation of competence.

The impact of purine nucleotides on competence is not
limited to H. influenzae

We examined whether high purine pools also prevent
competence in relatives of H. influenzae, by testing the
effect of AMP addition in two other naturally competent
Pasteurellacean species, Actinobacillus pleuropneumo-

niae and Actinobacillus suis (Redfield etal, 2006;
Maughan et al., 2008). Natural competence is known to
be induced by starvation and dependent on Sxy/CRP in
A. pleuropneumoniae (Bosse et al., 2009), but has not
been studied in A. suis.

We first demonstrated that A. suis is naturally compe-
tent in the starvation medium used to induce competence
in other Pasteurellaceae, and found that this is entirely
dependent on Sxy (Fig. 9). In addition, like other Pasteur-
ellaceae, the A. suis H91-0380 genome contains homo-
logues of essential competence gene, with conserved
CRP-S sites in their promoters (Table 2). As shown in
Fig. 9, competence was reduced by addition of AMP in
both species, suggesting that the mechanisms by which
AMP regulates competence are conserved. Since A. pleu-
ropneumoniae and A. suis are both distant relatives of
H. influenzae, we conclude that purine nucleotide repres-
sion of Sxy translation is likely to be an ancestral property
of the Pasteurellaceae.

Discussion

Twenty years ago, we hypothesized that competent cells
take up DNA primarily for its nucleotides, and predicted
that competence genes would be induced by nucleotide
limitation (Redfield, 1993). In this work, we show
that extracellular purine nucleotides specifically reduce
expression of the competence regulator Sxy, by inhibiting
its translation. This reduction does not involve Hfg-
dependent small RNA processes or three competence-
regulated proteins of unknown function. Expression of a
sxy:lacZ translational fusion was unaffected by extracel-
lular purine intermediates in E. coli. Moreover, the sxy
stem structure bears no resemblance to known purine
riboswitches and preliminary analyses have shown that
sxy mRNA does not bind purine compounds in a ribos-
witch assay. This suggests an alternative model of regu-
lation, where one or more purine-binding proteins sense

Table 2. Competence genes homologues and their CRP-S site in the sequenced strain of A. suis H91-0380.

Score Sequence Position Transcript Start End

32.0 TTTTGCGATCCTGATCGAAAAA -87 comNOPQ 1786332 1788485
BilF8 TTTTGCGATCTGGATCGCAAAC -83 rec2 675504 677798
30.9 TTTTGCGATCTTGATCGAAAAT -165 HI0365/pilF2 82751 84535
30.6 TTTTTCGATCTATATCGCAAAA -76 comF 2430643 2431320
30.4 TTTTGCGATCAAGATCGAGAAA -99 comE1 (2267009) (2267374)
30.2 TTTTGCGATCCTGATCGAGAAA -87 comM 2145444 2146973
29.8 TTTTTCGATGAAGATCGCAAAA -133 comABCDE (1349840) (1353261)
29.7 TTTTGTGATCTCAATCGAAAAA -181 dprA 2097055 2098209
28.0 TTTTTCGACGCAGATCGCAAAA -78 radC (1640152) (1640826)
271 ATTCTCGATCCGGATCGCAAAA -85 pilABCD (1114637) (1118340)
18.4 TTTCAGGTAGAATGTCGCACAA -57 ssb 986417 986953
16.4 TTGTTGCATCATTTCGCCAAAA -96 HI0569/60 2413794 2413813

The sequences for ORFs on the reverse strand have been reverse complemented. Position indicates the distance of the start codon from the distal
end of the site. Transcript indicates the predicted genes regulated by the CRP-S site. Start and End indicate the coordinates of the transcript.
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purine levels in the cytoplasm and activate or repress
regulators of Sxy translation. Further work is required to
determine if such regulators exist and how they act.

We have shown that nucleotide abundance also regu-
lates competence in relatives of H. influenzae that inhabit
similar niches in different hosts: H. influenzae colonizes
the human nasopharynx and middle ear, while A. pleuro-
pneumoniae and A. suis colonize the upper respiratory
tracts of pigs. DNA is abundant in both niches, as it is in
many mucosal environments, and can serve as a rich
nutrient source. The importance of DNA as a nutrient
and its involvement in competence regulation has also
been demonstrated in other families of the gamma-
proteobacteria. For example, Finkel and co-workers
showed that E. coli could grow by using DNA as the sole
source of carbon and energy, and that this required homo-
logues of H. influenzae’'s competence genes (Finkel and
Kolter, 2001; Palchevskiy and Finkel, 2006). We have
shown that these homologues are required for DNA uptake
by E. coli, though conditions that naturally induce this
process are not known (Sinha and Redfield, 2012). The
transfer to starvation conditions does not induce E. coli sxy
expression, suggesting that other signals are likely
required (Sinha et al., 2009; Sinha and Redfield, 2012).
Another example of nucleotide abundance regulating com-
petence comes from V. cholerae, whose competence is
inhibited by cytidine (Antonova et al., 2012). This was
attributed to disrupted interactions between CRP and the
nucleoside-scavenging cytidine repressor CytR. H. influ-
enzae lacks a homologue of CytR, so the mechanisms of
nucleotide inhibition are different in both organisms.
Though Macfadyen et al. found no effect of pyrimidine
nucleotides on H. influenzae competence (Macfadyen
et al.,, 2001), it is possible that an inhibitory effect exists in
vivo. H. influenzae cannot synthesize pyrimidines de novo
and relies instead on salvage from the medium of pyrimi-
dines or precursors. Pyrimidine pools thus never get
depleted under our standard laboratory conditions,
because they are abundant in rich medium (sBHI) and
because the MIV medium used to induce competence
contains the pyrimidine precursor citrulline.

All Pasteurellaceae sxy genes are preceded by long
intergenic regions that could form into stem structures like
those of H. influenzae sxy and V. cholerae tfoX, and con-
tribute to regulation. At present, most transcriptional start
sites have not yet been mapped, which prevents predic-
tions of stem structures and more detailed studies of
regulation. Like the V. cholerae tfoX stem, the H. influen-
zae sxy stem may integrate multiple signals to regulate
natural competence: aside from purine availability, it might
also respond to separate signals through Hfg. Further
work is required to confirm whether Hfq regulates sxy
expression, as well as to identify the conditions under
which regulation occurs and the small RNA(s) involved. A
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search of the genome for small regulatory RNAs using
RNAPredator (Eggenhofer et al, 2011) or the reverse
search mode of TargetRNA (http://snowwhite.wellesley.
edu/targetRNA/index_2.html) found some sequences with
complementarity to sxy mRNA, but these were often short
or showed modest identity. In contrast, performing the
same search with the V. cholerae tfoX sequence identified
tfoR within the top matches (and a search with tfoR iden-
tified tfoX). The best chance of identifying comparable
small RNAs in H. influenzae would be to screen genomic
libraries for clones that change sxy expression as was
done to identify tfoR (Yamamoto et al., 2011).

This work dissects the regulation of a biological process
to inform an understanding of its evolutionary function.
DNA is abundant in the human nasopharynx where
H. influenzae lives, and we have demonstrated the impor-
tance of intracellular nucleotide depletion for competence
induction, through the competence regulator Sxy. Because
sxy transcription requires CRP (Cameron et al., 2008), the
nucleotide depletion and sugar depletion signals are tightly
linked. Further competence-inducing signals may exist as
in other bacteria, and each clarifies the conditions under
which DNA uptake is favourable.

Experimental procedures
Bacterial strains, plasmids and culture conditions

The strains and plasmids used in this study are listed in
Table 3. Escherichia coli was cultured at 30°C or 37°C in LB
medium, with ampicillin (100 ug mlI™") and spectinomycin
(40 ug mI”') when required. H. influenzae was cultured at
37°C in brain heart infusion (BHI) medium supplemented with
NAD (2 mg mI™") and hemin (10 mg ml-") (sBHI), with novo-
biocin (2.5 ug ml"), spectinomycin (20 ug mI™'), chloram-
phenicol (2 ug ml-") or kanamycin (7 ug ml~") when required.
Actinobacillus pleuropneumoniae was cultured at 37°C on BHI
agar supplemented with 10% Levinthal’s Base with or without
50 ug ml~" kanamycin, or in BHI broth supplemented with
100 ug mI™"  B-nicotinamide adenine dinucleotide (NAD).
A. suis was obtained from Janet Maclnnes and cultured at
37°C in plain BHI medium, with or without 25 pug ml™" nalidixic
acid.

Unless otherwise stated, AMP, adenine, adenosine, GMP
and AICAR were used at final concentrations of 1 mM for
H. influenzae and E. coli, and 0.1 mM for A. pleuropneumo-
niae and A. suis. These concentrations do not affect cell
viability (Fig. S1).

Strain construction and cloning

The sequences of primers used are given in Table S1. All
strains were verified by PCR and sequencing. Mutations were
transferred to the chromosome of A. suis or H. influenzae by
natural transformation of MIV-competent cells (see below).
KW20 ApurRKW20 ApurR sxy-1: A 3 kb region flanking
and including purR was PCR-amplified and cloned into
pGEMT-Easy (Promega) to generate pGpurR. Inverse PCR
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Table 3. Bacterial strains and plasmids.

A
A
A
A. suis
A
E.
E.

DH50 coli F80lacZ A(laclZYA-argF) endA1

SW102 coli F- mecrA A(mrr-hsdRMS-mcrBC) ®80dlacZAM15
AlacX74 deoR recA1 endA1 araD139 A(ara,
leu)7649 rpsL nupG [Acl857 (cro-bioA) <> tef]
AgalK

KW20 H. influenzae WT

MAP7 H. influenzae str® kan® nov® nal® spc® vio® stv?

ApurR H. influenzae KW20 purR:kan

ApurR2 H. influenzae KW20 purR::spc

ApurH H. influenzae KW20 purH::spc

ApurR purH H. influenzae KW20 purR:kan purH::spc

rec2:lacZ H. influenzae KW20 rec2::lacZ-cm (operon fusion)

comA:lacZ H. influenzae KW20 comA:i1acZ-cm (operon fusion)

purH:lacZ H. influenzae KW20 purH::lacZ-kan (operon fusion)

ApurR rec2:lacZ H. influenzae KW20 rec2::1acZ-cm (operon fusion) purR::kan

ApurR comA::lacZ H. influenzae KW20 comA:lacZ-cm (operon fusion) purR::kan

ApurR purH::lacZ H. influenzae KW20 purH:1acZ-kan (operon fusion) purR::spc

sxy-1 H. influenzae KW20 sxyGiosA

Sxy-2 H. influenzae KW20 sxyGioA

sxy-4 H. influenzae KW20 sxyT:sC

sxy-5 H. influenzae KW20 sxyGieT

SXy-6 H. influenzae KW20 sxyC14T,G1osA

murE749 H. influenzae KW20 murEGisessA

Ahfq H. influenzae KW20 hfq::spc

Ahfq sxy-1 H. influenzae KW20 hfq::spc sxyGiosA

AHI0365 H. influenzae KW20 HI0365::spc

AHI0660 H. influenzae KW20 HI0660::spc

AHI1631 H. influenzae KW20 HI1631::spc

rpoB* H. influenzae KW20 rpoB*

Plasmids

pcomA::lacZ / comA:l1acZ-kan in pGEMT-Easy (operon fusion)

ppurH::lacZ / purH::lacZ-kan in pGEMT-Easy (operon fusion)

pLBSF2 / SXyse::slacZ-kan in pGEM (protein fusion)

Name Organism Genotype References/notes
Bacterial strains
HS143 . pleuropneumoniae WT Bosse et al. (2009)
4074 AsodC . pleuropneumoniae sodC::kan Bosse et al. (2009); donor DNA
for transformation assays
ATCC 15557 . suis WT Wetmore et al. (1963)
ATCC 15557 Asxy SXy:ispc This study
S04 nal®? . suis nal® Janet Maclnnes; donor DNA for

transformation assays

Taylor et al. (1993); used for
routine cloning

Warming et al. (2005); used for
recombineering

Alexander and Leidy (1951)

Barcak et al. (1991); donor DNA
for transformation assays

This study

This study

This study

This study

Gwinn et al. (1997)

Gwinn et al. (1997)

This study

This study

This study

This study

Redfield (1991)

Cameron et al. (2008)

Cameron et al. (2008)

Cameron et al. (2008)

Cameron et al. (2008)

Ma and Redfield (2000)

This study

This study

Sinha et al. (2012)

Sinha et al. (2012)

Sinha et al. (2012)

This study

This study
This study
Cameron et al. (2008)

on pGpurR amplified a fragment lacking sequences between
the first 32 bp and last 132 bp of purR, with Kpnl and EcoRl
restriction enzymes sites added to the forward and reverse
primers respectively. The PCR fragment was digested, and
ligated to a Kpnl/EcoRl-digested kan? cassette from pUC4K
(Taylor and Rose, 1988). Positive clones (pGpurR::kan)
transformed into DH50 were isolated on medium containing
ampicillin and kanamycin. The insert was PCR amplified
using the universal primers M13F and M13R (Promega) and
used for transformation into H. influenzae KW20 and sxy-1
cells. A second ApurR strain (ApurR2, purR::spc) was con-
structed in KW20 in the same way, but with spc® from
pRSM2832 (Tracy etal., 2008) replacing kan®, and using
blunt-end cloning instead of Kpnl/EcoRlI.

KW20 ApurH: The strategy used to construct ApurR was
followed, with the following differences: the region flanking
and including purH in pGpurH was 4 kb, and the amplified

inverse PCR fragment lacked sequences between the first
229 bp and last 442 bp of purH and contained Hindlll and
EcoRl sites. This was ligated to a Hindlll/EcoRlI-digested spc?
cassette from pRSM2832 (Tracy et al., 2008) to generate
pGpurH::spc.

KW20 ApurR purH: The insert from pGpurH::spc was used
to transform competent cells of ApurR::kan. Double transfor-
mants were selected on medium containing kanamycin and
spectinomycin.

KW20 AhfgKW20 Ahfg sxy-1: The hfq::spec strain was
constructed by recombineering using the procedure described
in Sinha et al. (2012), replacing the sequence between the first
and last seven codons of the hfg coding sequence with a spc”
cassette pPRSM2832 (Tracy et al., 2008). This mutation was
transferred to KW20 and to sxy-1 cells.

ppurH::lacZ and pcomA::lacZ: A 4 kb region flanking and
including purH was PCR-amplified and ligated into pGEM-
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Easy (Promega) to generate plasmid pGpurH. This plasmid
was linearized with Clal, blunt-ended using Klenow and
ligated to a blunt lacZ-kan cassette excised from pLKZ83 with
BamH]I (Barcak et al., 1991). The same strategy was followed
with pGcomA-E (Sinha et al., 2012) which was linearized with
Bglll and directly ligated to the BamHI-digested lacZ cas-
sette. Clones in the forward orientation were selected on
medium containing ampicillin, kanamycin and Xgal. The
purH::lacZ insert and the comA::lacZ and rec2::lacZ fusions
of Gwinn et al. (1997) were also transferred to KW20 and to
ApurR by natural transformation.

ATCC 15557 Asxy: This sxy::spec derivative was con-
structed by recombineering using the procedure described in
Sinha et al. (2012), replacing the sequence between the first
and last seven codons of the sxy coding sequence in strain
ATCC 15557 with a spc”® cassette pRSM2832 (Tracy et al.,
2008).

Transformation assays

Haemophilus influenzae cells were made competent by
transfer of sBHI-grown cells to MIV medium at ODg 0.2—
0.25, and incubation for 100 min at 37°C as described previ-
ously (Poje and Redfield, 2003). When testing the effect of
purine repression, AMP and other purine sources were added
to MIV with the cells.

To measure transformation, competent cells were incu-
bated with 1 ug of MAP7 chromosomal DNA in 1 ml of MIV
culture for 15 min at 37°C, after which the free DNA was
degraded by incubation with DNase | (10 ug ml™") for 5 min.
Cells were then diluted and plated on sBHI agar with and
without novobiocin. Transformation frequencies were calcu-
lated by dividing the number of novobiocin-resistant colony-
forming units (cfu) by the total number of cfu. Transformation
in rich medium was measured in the same way, after adding
1 ug DNA to 1 ml culture aliquots.

Search for PurR binding sites

Candidate PurR binding sites were identified in the H. influ-
enzae Rd KW20 genome using the species-specific position
weight matrix of Ravcheev et al. (2002). Scoring used custom
R scripts, including the SeqlnR add-on package to manipu-
late sequences (Charif and Lobry, 2007). Searches using
E. coli PurR motifs (Mironov et al., 1999; Cho et al., 2011) on
the H. influenzae genome found the same sites. A cutoff
score of 4.5 captured all of the PurR-regulated genes identi-
fied by Ravcheev et al. (2002). An additional requirement of
location between —100 and +20 of annotated start codons
eliminated false-positive sites outside of promoter regions.
BLAST was used to identify rec2 homologues in other
sequenced Haemophilus influenzae, Pasteurellaceae and
selected gamma-proteobacteria, and the highest scoring
PurR site from —200 to +20 of the start was determined.

Search for CRP-S homologues in A. suis

Competence genes in the A.suis H91-0380 genome
sequence were first identified by BLAST using A. pleuropneu-
moniae L20 homologues (Bosse et al,, 2009). Next, their
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upstream regions were searched for candidate CRP-S binding
sites, using a scoring matrix produced using the method of
Schneider etal. (1986) from the set of Pasteurellaceaen
CRP-S sites identified by Cameron and Redfield (2006).

B-Galactosidase assays

Haemophilus influenzae strains containing chromosomal
lacZ fusions were grown in sBHI or transferred to MIV as
described above. E. coli strains containing plasmid-encoded
lacZ fusions were grown in LB or in M9 with 0.4% glucose.
Cultures were incubated with or without an added purine
source and sampled at regular time intervals. After sampling,
cells were immediately assayed for ODgo and pelleted by
centrifugation, supernatants were removed and cell pellets
were frozen at —20°C for later assays of B-galactosidase
activity following the protocol of Miller (1992).

Quantitative measurements of sxy expression

Real-time qPCR was used to measure sxy transcript levels,
while Western blotting was used to measure Sxy protein
levels. All procedures were carried out as described in
Cameron et al. (2008), in which the primers and antibody
used are also described. For each sample, sxy RNA levels
were adjusted using murG levels, while Sxy protein levels
were adjusted using an unidentified protein of constant abun-
dance (Cameron et al., 2008) (‘background’ in Fig. 3).
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