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In Haemophilus influenzae, as in Escherichia coli, the cAMP receptor protein
(CRP) activates transcription from hundreds of promoters by binding
symmetrical DNA sites with the consensus half-site 5'-A1A,A3T4GsTG7.
AgToC19T11. We have previously identified 13 H. influenzae CRP sites that
differ from canonical (CRP-N) sites in the following features: (1) Both half-
sites of these noncanonical (CRP-S) sites have C¢ instead of T, although
they otherwise have an unusually high level of identity with the binding
site consensus. (2) Only promoters with CRP-S sites require both the CRP
and Sxy proteins for transcription activation. To study the functional
significance of CRP-S site sequences, we purified H. influenzae (Hi)CRP and
compared its DNA binding properties to those of the well-characterized E.
coli (Ec)CRP. All EcCRP residues that contact DNA are conserved in HiCRP,
and both proteins demonstrated a similar high affinity for the CRP-N
consensus sequence. However, whereas EcCCRP bound specifically to CRP-
S sites in vitro, HICRP did not. By systematically substituting base pairs in
native promoters and in the CRP-N consensus sequence, we confirmed that
HiCRP is highly specific for the perfect core sequence T,GsT¢GyAg and is
more selective than EcCRP at other positions in CRP sites. Even though
converting Cs— T, greatly enhanced HiCRP binding to a CRP-S site, this
had the unexpected effect of nearly abolishing promoter activity. A+ T-rich
sequences upstream of CRP-S sites were also found to be required for
promoter activation, raising the possibility that Sxy binds these A+T
sequences to simultaneously enable CRP-DNA binding and assist in RNA
polymerase recruitment.
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protein contacts (reviewed in Ref. 2). Because only
Escherichia coli CRP has been extensively characte-
rized (reviewed in Refs. 2-4), its structure and
function serve as models for understanding CRP in

Introduction

The cAMP receptor protein (CRP; also called cata-
bolite activator protein) regulates a global sugar

starvation response in three y-proteobacteria fami-
lies, the Enterobacteriaceae, Pasteurellaceae, and
Vibrionaceae." CRP binds specific sites at gene pro-
moters when activated by its allosteric effector
cAMP (a signal of sugar depletion) and then recruits
RNA polymerase (RNAP) through direct protein—
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other bacteria. Recent results have also implicated
CRP as a regulator of natural competence in several
important pathogens, including E. coli, Haemophilus
influenzae, Vibrio cholerae, and Salmonella sp.l’5

CRP homodimers bind 22-bp sequences with 2-
fold symmetry (consensus half-site 5'-A;A,A;T,
Gs5T6G7AgT9C1oT11) and cause DNA to bend 80—
90°.6 CRP’s strong preference for the sequence TsGs
Te¢G7Ag in both half-sites arises primarily from
hydrogen bonds formed between protein side chains
and base pairs Gs'C, G;C, and Ag'T. In addition,
nonclassical hydrogen bonds between the protein and
thymine methyl groups at Ts-A, T¢- A, and Ag T make
minor contributions to specificity.”~0 Although CRP
contacts the thymine methyl group at Ty’ strong
selection for T at position 6 arises through an ‘indirect

0022-2836/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.



314 CRP Binding at CRP-S Sites

readout’ mechanism because the T¢/G; base step
favors the ~40° kink needed for DNA deformation by
CRP1

All characterized E. coli CRP sites differ from the
consensus at one or more positions, as do the binding

sites of other global regulators.'? Until recently, this
has been thought to only reflect selection for stronger
or weaker binding, with no significance attached to
the presence of specific nonconsensus bases at spe-
cific CRP site positions. However, we have found
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Fig.1. H. influenzae and E. coli CRP binding to promoter DNA. (a) Sequence logos of E. coli CRP-N sites (n=49),
H. influenzae CRP-N sites (n=45), and H. influenzae CRP-S sites (1 =13). The binding site cores (positions 4-8 and 15-19) are
highlighted with white columns, and gray arrows at the bottom indicate the inverse palindrome of CRP sites. (b)
Alignment of CRP binding sites in promoter DNAs used as bait in bandshift assays. Bases are numbered as in (a), and
differences from the binding site consensus (ICAP) are shown. (c—f) Bandshift data. Binding curves were fit to the data
except in cases where HiCRP did not bind specifically to promoter DNA. Gray-shaded areas on graphs indicate the amount
of nonspecific (ns) DNA binding at high CRP concentrations. (c) HiCRP binding to CRP-N sites. (d) HiCRP binding to CRP-
S sites. (e) EcCCRP binding to CRP-N sites. (f) ECCRP binding to CRP-S sites. (g) Representative bandshifts from which data
in (c) and (e) were derived. (h) Bandshifts illustrating the supershifts characteristic of nonspecific DNA binding.
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that the CRP sites of H. influenzae competence gene
promoters consistently differ from canonical sites in
having C¢ and never Tg in both half-sites.'® Bioinfor-
matic analysis of other vy-proteobacteria genomes
also revealed that the putative CRP sites of Pasteur-
ellaceae, Enterobacteriaceae, and Vibrionaceae
competence gene promoters have a consistent over-
representation of C¢, suggesting that noncanonical
(CRP-S) sites are not an H. influenzae-specific
phenomenon.1 However, the functional significance
of Cs in CRP-S sites is unclear because, in E. coli, a
Te— Cg substitution in both halves of a canonical
(CRP-N) site reduces CRP-DNA affinity 80-fold.”
All H. influenzae promoters with CRP-S sites also
require the protein Sxy for transcription activation,
raising the possibility that Sxy assists CRP binding
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to CRP-S sites and/or RNAP recruitment.!3 Al-
though the abovementioned three bacterial families
all have Sxy homologs, and extensive genetic studies
have confirmed Sxy’s role as a regulator of compe-
tence genes,>!3-19 direct characterization of its action
at CRP-S promoters has been stymied by the toxicity
and intractability of this small protein. To better
understand CRP binding to CRP-S sites, we have
conducted a detailed analysis of H. influenzae (Hi)
CRP and E. coli (Ec)CRP binding and transcriptional
activation at native and synthetic CRP sites. Even
though the proteins are 78% identical and all of
EcCRP’s DNA-binding residues are conserved in
HiCRP, the latter is much more selective for binding
sites. Nevertheless, two key features are shared: both
proteins preferentially bind the same consensus
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Fig. 2. CRP binding to Pj,.z and P,y4 and promoter mutants. (a) Alignment of CRP binding sites as in Fig. 1b. (b—e)
Bandshift data plotted as in Fig. 1; P,z and P4 binding data from Fig. 1c—f. (f) Representative bandshifts from which

data in (c) and (e) were derived.
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sequence, 5,-AlA2A3T4G5T6G7A8T9C10T11, and nei-
ther protein can activate transcription from H. in-
fluenzae’s Sxy-regulated promoters in the absence of
Sxy, even when bound to promoter DNA.

Results

H. influenzae and E. coli CRP have different
affinities for promoter DNA in vitro

Transcriptome and genome analyses in H. influen-
zae have identified 54 CRP-regulated promoters: 41
promoters containing 45 CRP-N sites, which reg-
ulate genes for nutrient uptake and central meta-
bolism, and 13 Sxy-dependent promoters containing
13 CRP-Ssites.!3 Figure 1a compares a sequence logo
of 49 experimentally determined E. coli CRP sites (the
standard reference set, available at DPInteract?°) to
logos of H. influenzae’s CRP-N and CRP-S sites. The
E. coli and H. influenzae CRP-N logos are very similar,
showing consistent overrepresentation of the
T4GsTeG7Ag motif and the presence of A+T-rich
sequences at positions 1 and 2 in both half-sites. The
H. influenzae CRP-S logo differs from both CRP-N
logos in several features: (i) consistent presence of Cg
in both half-sites; (ii) stronger core consensus; (iii)
substantially stronger consensus at non-core posi-
tions, especially at T3 and Ty of both half-sites; and
(iv) consistent presence of T rather than A /T at posi-
tions 1 and 2 of both half-sites.

To find out if these distinct characteristics of CRP-S
sites are responsible for their regulatory differences,
we first conducted a detailed analysis of HiCRP
binding to CRP-S and CRP-N sites using electropho-
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retic mobility shift (bandshift) assays; the well-cha-
racterized EcCRP was used as a positive control and
reference. Figure 1b compares the four CRP sites
tested in these assays to the consensus CRP-binding
site ICAP".>' Two of the promoters tested contained
CRP-N sites, H. influenzae P45 (mgIBAC operon)
and E. coli Pj,.z (IacZYA operon), and two contained
H. influenzae CRP-S sites, P4 (pilABCD operon) and
Peoma (comABCDE operon). Binding reactions con-
tained excess nonspecific competitor DNA to appro-
ximate in vivo conditions. Because this precluded
measurement of equilibrium binding constants (Kps)
or dissociation constants (Ky), for Figs. 1 and 2, we
report apparent dissociation constants (K,pp) in
terms of active protein. All protein dilution series,
DNA preparations, and binding reactions were con-
ducted at least twice and a single curve was fit to all
data. Three independent preparations of HiCRP and
EcCRP each gave very reproducible binding to P,,,¢15;
minor differences between these preparations ex-
plain the scatter in the P,z binding data (Fig. 1c).
Tests for nonspecific binding (‘ns” in Figs. 1, 2, and 3)
used three DNA sequences: P4 with its CRP-S site
removed [P,;4(ACRP-S)], coding sequence from the
E. coli hofB gene (as used in Ref. 1), and the pUC19
multiple-cloning site.

HiCRP’s highest affinity was for [CAP (K,pp=1.1+
0.1nM); binding curves are illustrated in Fig. 1c,and a
representative bandshift is shown in Fig. 1g. Al-
though P,,,.p is a very close match to the consensus,
HiCRP demonstrated almost 50-fold lower affinity
for this promoter (K,,,=57+7 nM). HiCRP did not
bind Pi.cz, Ppita, or Peopa until protein concentrations
were high enough to elicit nonspecific DNA binding
(>300 nM) (Fig. 1c and d). Moreover, binding to all
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Fig. 3. Equilibrium binding constants (K,ps) measured for ICAP and variant sites using bandshift assays. ICAP and
variant sites are aligned on the left as in Fig. 1b. K¢ for nonspecific DNA was measured using Pi;a(ACRP-S). The means

and standard errors from replicate experiments are plotted.
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three DNAs generated supershifts characteristic of
multiple proteins binding to a single DNA molecule
(Fig. 1h). The failure of CRP to significantly bind the
Ppia and P4 sites is quite unexpected, given these
promoters” almost complete dependence on CRP in
vivo.

EcCRP demonstrated a high affinity for ICAP
(Kapp=1.0+0.2 nM) equal to that of HiCRP. How-
ever, unlike HiCRP, EcCRP also had a high affinity
for Ppeip (Kapp=1.6+0.3 nM) and Pjacz (Kapp=8.4+
0.7 nM) (Fig. le). EcCCRP demonstrated lower but
appreciable, affinities for the two CRP-S sites P,
(Kapp=75%10 nM) and Peopa (Kopp=141%29 nM)
(Fig. 1f).

Together, these results show that HiCRP and
EcCRP differ in at least two ways. First, because
Piacz, Ppia, and Peypa differ from the consensus at
one, two, and three core positions, respectively (Fig.
1b), HiCRP’s 1000-fold preference for ICAP over
these sites suggests that the protein is highly
selective for the perfect core sequence T4GsT¢G7Ag
in both half-sites. Second, HiCRP greatly prefers the
consensus sequence ICAP over P,,p, indicating that
HiCRP affinity, unlike EcCRP affinity, is sensitive to
bases outside T4GST6G7A8.

app

DNA sequence determinants for HiCRP binding
to natural CRP sites

We tested whether the presence of nonconsensus
bases at particular core positions was responsible for
the poor HiCRP binding to the Pj,.z and P4 sites by
changing these positions to match the CRP-N core
consensus (Fig. 2a). In Pj,.z, the nonconsensus base
Ty9 was converted to Ajg to generate Pj,.,-19A; in
P,iia, the CRP-S consensus bases Cs and Gy were
converted to the CRP-N consensus bases Tg and A7
to generate P,;4-N. Figure 2b and c shows that
HiCRP bound with significantly greater affinity to
the mutant promoters: Pj,.z-19A (Kypp=116+37 nM)
and P,i14-N (Kypp=60+9 nM). Further, HiCRP bind-
ing to Pj,.z-19A and P,;4-N generated the discrete
bandshifts characteristic of site-specific binding (Fig.
2f). Thus, in these reaction conditions, HiCRP bind-
ing requires that DNA sites perfectly match the
consensus T4G5T¢GyAg core in both half-sites. Never-
theless, HiCRP’s affinity for Pj.z-19A and P,ia-N
was much lower than that for ICAP despite their
having identical perfect-consensus cores, confirming
that bases outside of the T4G5T¢G7Ag core are impor-
tant for HiICRP binding.

Identical binding experiments revealed that ECCRP
has a 5-fold higher affinity for Pj,.z-19A than P,z
(Kapp=1.5+0.4 nM versus 8.4+0.7 nM) and a 44-fold
higher affinity for P,;a-N than P,jx (Kopp=1.6%
0.3 nM versus 75+10 nM) (Fig. 2d and e, respectively).
Although these mutant promoters still differed from
ICAP at six or eight non-core positions, EcCRP exhi-
bited almost identical affinities for them and for ICAP
(Kapp=1.0£0.2 nM). Thus, when core positions match
the consensus, bases outside the core appear to make
only a very minor contribution to EcCRP-DNA
binding.

DNA sequence determinants for HiCRP binding
to synthetic CRP sites

Two lines of evidence suggest that positions 3 and
9 (and the reciprocal positions 20 and 14) are impor-
tant for HiCRP binding. First, these positions have
the most significant overrepresentation in the CRP-S
logo in Fig. la. Second, these are three of the six
nonconsensus positions in the low-affinity Pj,.,-19A
site. To systematically address the importance of
bases at these positions for HiCRP binding, we cons-
tructed variants of ICAP and measured equilibrium
binding constants using bandshift assays. These
assays used low concentrations of bait DNA and
no competitor DNA to allow comparison with esta-
blished K¢ data for ICAP.

Figure 3 shows that HzCRP’s affinity for ICAP
(Kops=1.2+0.2x10"" M ') was fivefold less than
EcCRP’s (Kgps=6.1£2%10' M 1); the EcCRP bind-
ing constant measured here is consistent with the
Kops range previousl}l measured using f11ter-b1nd1ng
assays (4.2+£0.3x10" M™! to 7.1x10'" M 1).921
Changing ICAP at either To— Gy or Az— C3 as well
as Tp—Cy did not significantly change HiCRP
affinity. However, simultaneously substituting both
To—Gg and A4 — Cy4 reduced HiCRP affinity three-
fold. Thus, HiCRP’s low affinity for Pj.z-19A is at
least partly due to the nonconsensus bases imme-
diately adjacent to the T4GsT¢G7Ag cores.

Although CRP binding sites are conventionally
treated as 22 bp in length, we have noticed that CRP-
S sites are usually flanked by additional A+ T-rich
sequence, as is ICAP.”' We thus tested whether posi-
tions outside the 22-bp consensus sequence contri-
bute to HiCRP binding by converting ICAP’s A +T-
rich flanking sequence to G +C-rich sequences; this
reduced affinity fivefold.

We also measured binding constants for ICAP
variants containing one or both of the CRP-S-like
bases C¢ and Gyy. A single Ty — Cg¢ substitution re-
duced HiCRP affinity 38-fold, while having both Cg
and Gy reduced affinity 100-fold. Nevertheless,
HiCRP bound the doubly substituted ICAP with a
4-fold greater affinity than nonspecific DNA, indi-
cating that having perfect matches to the consensus
binding site at all other positions confers site speci-
ficity even in the presence of the unfavorable bases
C6 and G17.

Unlike HiCRP, binding constants of EcCCRP were
not significantly affected by substitutions outside of
the T4GsT¢GrAs core (Fig. 3). Notably, substitutions
at positions 6 and 17 did not significantly reduce
EcCRP affinity in these assays, although filter-bind-
ing assays by Chen et al. showed an 80-fold
reduction for the double mutant.” This unexpected
difference is unlikely to be due to our use of a
shorter incubation time (20 min rather than 60 min)
because the binding we see is unexpectedly high
rather than unexpectedly low, as it would be if
binding had not reached equilibrium. An alternative
explanation may be that the energetics of DNA
binding (and perhaps bending) differ between filter
and gel assays.
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Despite the 96% similarity between EcCRP and
HiCRP’s DNA-binding domains, all bandshift data
indicated that HiCRP is more selective than EcCRP
for DNA sites in vitro. We used SWISS-MODEL?” to
map HiCRP residues on a crystal structure of EcCCRP
bound to ICAP®'*** and found the predicted
HiCRP-DNA structure to be completely congruous
with the EcCRP-DNA structure (Supplemental
Fig. 1). The PROCHECK,?* PROVE,?> and WHAT
IF?¢ algorithms for validating protein structures
confirmed that no HiCRP residues are predicted to
reshape the DNA-binding domain or to sterically
interfere with the protein-DNA interactions that are
known to occur in E. coli.

CRP binding to promoter DNA is insufficient to
stimulate transcription in the absence of Sxy

The inability of HiCRP to bind specifically to Pea
and P4 in vitro despite its strong regulatory effect
in vivo raised the possibility that CRP requires Sxy to
facilitate its binding at CRP-S sites. We had two
ways to test this hypothesis in vivo: first, by testing
whether EcCRP’s intrinsic affinity for CRP-S sites is
sufficient for transcription activation and, second,
by testing whether HiCRP alone can activate trans-
cription from the Pp,;4-N promoter.

EcCRP is known to restore natural transformability
to an H. influenzae crp null mutant,”” but the
dependence of this complementation on Sxy has not
been tested. The E. coli crp gene was expressed in H.
influenzae crp— and sxy— mutants to test whether
EcCRP is able to activate the CRP-S sites of H.
influenzae competence gene promoters in the absence
of Sxy. Real-time (quantitative) PCR was used to
measure transcription of comA 60 min after transfer to
the competence-inducing medium MIV, when com-
petence genes are usually maximally expressed."
Transformation frequency, which provides the most
sensitive assay of competence gene induction, was
measured 90 min after cells were transferred. As
expected, cells were not transformable in the absence
of crp or sxy, but EcCRP restored transformability to a
crp— strain (RR815) (Fig. 4a).">* Also, as previously
reported, comA expression was induced over 100-fold
in MIV, but induction required crp and sxy."* However,
even though EcCRP binds P,,,4 with high affinity in
vitro, it could not restore transformability or comA
expression in crp+/sxy— cells (RR1130). To confirm
that the absence of competence induction was not
due to interference between EcCRP and HiCRP in the
sxy— strain, we measured transformation in wild-type
H. influenzae carrying EcCRP (RR1129), and these
cells were found to be fully transformable (last
column, Fig. 4a). An alternative explanation of the
Sxy-dependent competence of cells containing both
HiCRP and EcCRP (strain RR1130) would be that all
of the EcCRP is sequestered in inactive heterodimers,
with the observed expression of competence genes
due entirely to active HICRP homodimers. However,
this could only occur if HiCRP were in excess to
EcCRP, whereas the reverse is much more likely
because in these experiments, crpg is plasmid-
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Fig. 4. Transformation and competence gene induction
in different genetic backgrounds. (a) ECCRP complementa-
tion of natural transformation and comA induction in H.
influenzae cells. The x-axis indicates the source of the crp
gene (H, H. influenzae; E, E. coli) and the presence or absence
of the sxy gene. Transformation frequency (black bars) and
comA expression (gray bars) were measured after 90 and
60 min, respectively, in competence-inducing medium
(MIV). Asterisks on transformation frequencies denote
upper limits of transformation assays that produced no
transformants. Fold induction of comAwas measured using
real-time PCR and is plotted relative to the baseline expres-
sion of the gene in exponentially growing (uninduced)
wild-type cells. The mean and range of induction in two
independent cultures are plotted on a log scale; the excep-
tion was measurement of comA expression in only one
culture of the control strain RR815, but replicated high
transformation frequencies in RR815 cultures imply high
comA expression levels. (b) P4, Ppiia-N, and Py,4 activity
in wild-type and sxy— H. influenzae cells. Gene expression
was measured before and 60 min after transfer of cells to
MIV, using real-time PCR. The fold induction levels of
pilAB (dark bars) and comA (chromosomal control gene;
light gray bars) after 60 min are plotted relative to expres-
sion levels in the uninduced state before transfer to MIV.
The mean and range of induction in two or three inde-
pendent cultures are plotted on log scales. pilAB and comA
baseline expression levels were consistent in all strains.

borne and driven by a constitutive Py, promoter
while ¢rprpinfiuenzae is chromosomal and driven by its
own CRP-repressible promoter.
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The experiments reported in Fig. 2 showed that
replacing the CRP-S-site bases Cs and Gyy of Ppia
with their CRP-N-site counterparts (P,;4-N) per-
mitted HiCRP to bind this site in vitro (in the absence
of Sxy). To find out whether this change also
allowed HiCRP to bind P,ia-N and stimulate
transcription in vivo in the absence of Sxy, we used
real-time PCR to measure pilAB transcription
originating from the promoters of the engineered
plasmids. Expression of comA served as a positive
control to confirm the presence/absence of the com-
petence-inducing signal in sxy+/— backgrounds,
respectively. Because the Cq— Ts/G17— Ay substi-
tutions improved CRP binding in vitro, these
changes were not predicted to affect the amount of
transcription activation in wild-type cells. Surpris-
ingly, P,i1a-N was induced only 3-fold in MIV,
significantly less than the 35-fold induction of P14
(Fig. 4b). The conversion of Cs—Ts/G17;— A1y was
hypothesized to relieve Sxy dependence, but even
the modest 3-fold induction of P,;4-N was depen-
dent on Sxy. Together, the ECCRP-P,,,,4 and HiCRP-
Pyia-N results provide complementary evidence
that Sxy remains essential for transcription activa-
tion in vivo even when CRP can efficiently bind CRP-
S-regulated promoters in vitro.

A +T runs upstream of CRP-S sites are required
for promoter activation

The above analysis strongly suggested that CRP-S-
regulated promoters contain additional elements

outside of their CRP-S sites. Previous searches for
putative Sxy binding sites in H. influenzae did not
identify any conserved motifs other than CRP-S
sites,!3 but the search algorithms were insensitive to
short (<10 bp) motifs. To detect additional conserved
elements in H. influenzae’s CRP-S-regulated promo-
ters, we generated a sequence logo from alignment
of the 13 promoter sequences at their CRP-S sites,
including 200 bases upstream of predicted transcrip-
tion start sites. Most CRP-S sites were predicted to be
located around —61.5 from transcription start
points,'® and this numbering is used in Fig. 5. The
070 —35 and —10 sites apparent in the logo validates
our earlier analysis of CRP-S site location and
provides strong evidence that competence genes
are regulated by 070 in H. influenzae. The sequence
logo also revealed striking A+T runs at positions
=79, =90, and —102 (runs II, III, and IV), with an
additional run in the upstream end of the CRP-S site
(run I, at position —71). These A+T runs resemble
the RNAP aCTD binding sites called UP elements;*’
contact between aCTD and UP elements enhances
transcr1pt1on from 2- to >100-fold at many bacterial
promoters.” ! Although UP elements are usually
located between —40 and —60, DNA bending by
CRP or IHF has been shown to allow aCTD to bind
UP elements at —80 and —90.%*%

Ppia variants in which the A+T runs were re-
placed or translocated were constructed to test
whether these A +T runs are important for promoter
activity. As shown in Fig. 5b, replacement of element
II (at —79) with a G+C-rich Sacll site (CCCGGG)
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Fig. 5. A+T runs upstream of CRP-S sites are important for promoter activation. (a) Sequence logo generated from
alignment of H. influenzae’s 13 CRP-S sites. Numbering indicates the average distance of CRP-S sites from predicted

transcription start sites identified in Redfield et al.;'?

A+T runs are underlined blue and numbered. The sequence logo

generated from alignment of 401 E. coli 670 bindmg sites (copied from Ref. 28) facilitates comparison with similar motifs
in the H. influenzae logo above. (b) Schematic of Pp;;4 mutants and E. coli’s rrnB P1. Fold induction of pilAB after 60 min in
MLV is plotted as in Fig. 4b. Baseline pilAB expression in the uninduced state was the same in all strains. (c) Proposed
model for the CRP-Sxy-RNAP nucleoprotein complex formed at promoters with CRP-S sites. By binding A +T runs, Sxy
could increase DNA curvature, assist CRP binding, and directly assist in RNAP recruitment through contact with «CTD.
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reduced expression by half. Replacement of element
III (at —90) by a Sacll site reduced expression by
more than eightfold, whereas simultaneous deletion
of elements II, III, and IV completely eliminated
inducibility. The A+T runs might be important for
transcription because CRP-mediated DNA bending
allows RNAP’s aCTD subunits to bind them. To test
whether the A+T runs are enhancers of RNAP
binding, elements II and III were moved to a posi-
tion immediately adjacent to RNAP’s —35 binding
site, thus aligning them with the UP elements of the
model UP-enhanced promoter rnB P1°* (Fig. 5b).
This translocation did not alter or enhance promoter
activity during exponential growth; neither did it
allow the promoter to be induced in MIV. Transfor-
mation frequencies and comA expression confirmed
that competence induction was normal in all strains
(data not shown). These results suggest that the
A+T runs cannot function as UP elements to recruit
RNAP and also show that the CRP-S site is essential
for promoter induction.

EcCRP bound normally to the AILIILIV promoter,
indicating that the A+T runs are not important for
CRP binding (data not shown). Unfortunately, Sxy
remains recalcitrant to overexpression and purifica-
tion; hence, bandshifts could not be used to inves-
tigate whether Sxy binds the A +T runs.

Discussion

This study of the molecular mechanisms regulating
competence genes in H. influenzae is both the first
detailed analysis of CRP binding to CRP-S promoters
and the first biochemical analysis of CRP from a
member of the Pasteurellaceae. Although HiCRP, like
EcCRP, demonstrated a high affinity for the con-
sensus CRP site (ICAP), it was much more sensitive
than the promiscuous EcCRP to base composition
outside the T4G5T¢G7Ag core. This is surprising given
the very high level of similarity of the sequence of its
DNA-binding domain to that of EcCRP. Indeed,
homology modeling of HiCRP bound to ICAP pre-
dicted a protein structure identical with that of EcCRP.
The explanation may be that HiCRP and EcCRP are
both capable of forming the same protein-DNA
contacts, but HICRP-DNA interactions are more tran-
sient because of features in the protein’s less con-
served N-terminal domain. For example, HiCRP
dimers may be less stable than EcCRP dimers, thus
requiring more optimal CRP sites for HICRP binding
in the absence of other cellular proteins. Dimer
stability has been previously measured for EcCRP,
and similar experiments may help explain the DNA-
binding characteristics of HiCRP.

Unlike substitutions at other core positions, which
eliminate important protein-DNA bonds, the Ts— C,
substitution inhibits CRP binding by generating a
Ce/G7 base step that increases the free energy
required for DNA kinking.” This unique feature of a
Te— Cs substitution suggests a distinct mechanistic
role for the C¢/Gy base step in CRP-S function and
promoter regulation. H. influenzae’s CRP-S sites are

distinguished from CRP-N sites not only by having
the unfavorable C¢/Gy base step in both core half-
sites but also by having a higher frequency of favor-
able bases at other core positions and non-core posi-
tions. Thus, CRP-S sites appear to have evolved to
facilitate targeting of CRP (extensive hydrogen
bonding between CRP and DNA) but prevent
activation (CRP alone cannot form an activating
complex).

DNA topology plays an important role in bacterial
promoter regulation (reviewed in Refs. 36-38). The
dramatic (~90°) deformation of DNA caused by
CRP binding is thought to stimulate transcription
both by bringing upstream promoter elements into
contact with the polymerase and by facilitating DNA
strand separation;2394° for example, because CRP
sites at the gal and malK promoters can be function-
ally replaced by intrinsically bent DNA, CRP’s
primary role at these sites is to bend DNA.#142 The
inflexibility of CRP-S sites may be specially selected
to prevent upstream DNA and/or proteins from
interacting with the promoter except in the presence
of CRP-induced kinking. However, our results
suggest that CRP binding alone cannot stimulate
transcription in the absence of Sxy, indicating that
CRP-induced kinking alone is insufficient for tran-
scription activation. Furthermore, translocating up-
stream A +T runs to a position adjacent to the RNAP
binding site did not stimulate transcription. Thus,
we favor a model in which Sxy binds to the A + Truns
and directly assists in RNAP recruitment (Fig. 5c).
CRP-induced bending would be essential for this
interaction because, in its absence, Sxy bound to A+T
runs would be too far upstream to recruit RNAP to
the —35 and —10 sites. CRP-S-regulated promoters
are unusually strong—global analysis of the H.
influenzae transcriptome revealed that, in starvation
conditions, most promoters with CRP-S sites are
induced much more strongly than CRP-N-regulated
promoters'*—suggesting that, once formed, the
putative CRP-Sxy-DNA nucleoprotein complex is
very efficient at recruiting RNAP.

We have previously found that EcCRP has very
low affinity for its cognate CRP-S promoters.' Thus,
a hallmark of both Enterobacteriaceae and Pasteur-
ellaceae CRP-S sites is that they are low-affinity
binding sites for cognate CRP. This low affinity is
achieved in a species-specific fashion that corre-
sponds to CRP’s site selectivity. In H. influenzae,
CRP-S sequences are all strong matches to the CRP-
binding site consensus but always include a stiff C¢/
Gy base step that prevents DNA binding by HiCRP
in the absence of other proteins. E. coli CRP-S sites
(which were originally identified in homologs of H.
influenzae CRP-S-regulated genes) differ from the
CRP-binding site consensus at many positions and
always have either a C4/Gy or a G¢/G; base step.11
Thus, CRP-S sites, may serve to create tight regula-
tion without requiring a repressor: basal levels of
transcription are very low because the inflexible
Ce/Gy base step limits occupancy by CRP, but ex-
pression levels can be very high once activated with
the assistance of Sxy.
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Materials and Methods

Strains and culture conditions

H. influenzae cells were cultured at 37 °C in supplemen-
ted brain heart infusion (sBHI), BHI supplemented with
NAD (2 pg/ml) and hemin (10 pg/ml). Novobiocin
(2.5 pg/ml), kanamycin (7 pg/ml), or chloramphenicol
(2 ng/ml) was added to sBHI when required. H. influenzae
strains listed in Table 1 were constructed by transforma-
tion of competent cells with chromosomal or plasmid
DNA as previously described.*® To induce competence,
exponentially growing (noncompetent) cells were trans-
ferred from sBHI to the defined starvation medium MIV.*’
Transformation frequency was measured as the ratio of
novobiocin-resistant transformants to total cells after 24 h
incubation on sBHI agar with novobiocin. E. coli was
cultured in Luria—Bertani broth and made chemically
competent with RbCl and transformed as previously de-
scribed;™ chloramphenicol (25 pg/ml) was added when
required.

Protein purification and bandshifts

The histidine-tagged CRP proteins were constructed as
follows: the crpiinfiuenzac Open reading frame was PCR
amplified using primers Hi-crp-F and Hi-crp-R (Supple-
mental Table 1) and cloned in the His-tag vector pQE-
30UA (Qiagen) by directly ligating PCR amplicons into the
pQE-30UA vector; the crpe.cii open reading frame was
cloned by Peekhaus and Conway in pQE30 (Qiagen) by
restriction digestion of crpg ,; amplicons and the pQE30

Table 1. Strains and plasmids used in this work

Strain or Source or
plasmid Relevant genotype reference
H. influenzae
KW20 Wild-type Rd; sequenced strain 43
MAP7 KW20 Nov" 44
JG87 KW20 crp: :Kan" 45
RR648 KW20 sxy: :Kan" 15
RR815 KW20 crp: :Kan" pXN13 27
RR1129 KW20 pXN13 This study
RR1130 KW20 sxy: :Kan" pXN13 This study
E. coli
DH5a F80lacZ A(lacIZYA-argF) end Al
M15 pREP4 Qiagen
RR1234 M15 pQEHi.crp This study
Plasmids
pGEM-T Easy Promega
pQE-30UA Qiagen
pREP4 laclq Qiagen
pQEHi.crp CIPH.influenzae I PQE-30UA This study
pNP-52 CTPE.coii in pQE30 46
pSU20 Camr, PZ{ICZ 47
prilA pSU20 containing Pp4, pilA, This study
and pilB
ppilA2 Pjscz removed from ppilA This study
ppilA2: Al A+T run I replaced in ppilA2  This study
ppilA2: Al A+T run Il replaced in ppilA2  This study
ppilA2: :AlL A+T runs ILILIV removed This study
1,1V from ppil A2
ppilA2: :ACRP-S  CRP-S site removed from ppilA2  This study

Nov", novobiocin resistance; Kan’, kanamycin resistance; Cam’,
chloramphenicol resistance.

vector as described in Ref. 46. His-tagged proteins were
expressed and purified as previously described." The
fraction of CRP active in sequence-specific DNA binding
(usually ~20%) was assessed by titration of ICAP in the
absence of competitor DNA.

CRP-DNA binding reactions (5 pl) contained 8 mM Tris
(pH8.0), 30 mM KCl, 3% (v/v) glycerol, 250 pg/ml bovine
serum albumin, 100 uM cAMP, and 1 mM dithiothreitol.
Reactions were mixed on ice and then incubated at room
temperature for 20 min before being loaded onto a 4 °C
running polyacrylamide gel {30:1 acrylamide/bisacryla-
mide; 0.2xTBE [89 mM Tris, 89 mM borate, and 2 mM
ethylenediaminetetraacetic acid (pHS8.3)], 2% glycerol,
and 200 pM cAMP; running buffer 0.2x TBE and 100 pM
cAMP}. After electrophoresis for 2 h at 10 mA, the gel was
dried and exposed (45 min to overnight) to a phosphor
screen. Bands were visualized using a STORM 860 scanner
(GE Healthcare). Shifted and unshifted radioactivity was
quantified using Image Quant (GE Healthcare), and
background radioactivity in gel lanes with no CRP was
subtracted. K,p, and Ky, values were calculated by Prism
5.0 (GraphPad Software) using nonlinear regression ana-
lysis for one-site (specific) binding with By,.x constrained
to <100% binding.

Bait DNAs were PCR amplified from chromosomal or
plasmid templates (primers are listed in Supplemental
Table 1) and ranged in size from 90 to 200 bp—these sizes
of bait DNA enabled us to accurately measure the amount
of bait DNA in bandshift reactions using real-time PCR.
Amplicons were purified using polyacrylamide gel elec-
trophoresis; bands were excised and DNA was eluted from
macerated gel overnight in TE at 37 °C, followed by etha-
nol precipitation and resuspension in 10 mM Tris. DNA
was end-labeled with T4 polynucleotide kinase using a 10-
fold molar excess of y-[>*|P ATP, and unincorporated label
was removed using illustra ProbeQuant G-50 Micro
Columns (GE Healthcare). Bandshifts contained 35 ng/pl
poly(dI-dC) cold competitor DNA and 0.1-2 nM bait DNA
(~2100 CPM/fmol) to measure K,p,. For Kqps measure-
ments, protein was in at least 5-fold excess over bait DNA
(0.01-0.02 nM).

Cloning and site-directed mutagenesis

Complementary oligonucleotides (2 uM) were annealed
in 50 pl of buffer (10 mM Tris, 10 mM MgCl,, 50 mM NaCl,
and 1 mM dithiothreitol, pH7.9) by heating to 95 °C
followed by gradual cooling (—0.1 °C every 1.5 min) to 4 °C
to clone ICAP and variants. Double-stranded oligonucleo-
tides were then cloned using a pTOPO TA cloning kit
(Invitrogen) and sequenced.

The chromosomal region (coordinates 333193-335531)
containing ampD, pilA, and the N-terminal half of pilB was
PCR amplified and cloned in pGEM-T Easy (Promega) to
clone Pp;;4. An Accl digest was used to excise a fragment
containing P4, pilA, pilB, and 20 bp of the multiple-
cloning site. This fragment was cloned in the Accl site in
the H. influenzae cloning vector pSU20* to generate
plasmid ppilA. H. influenzae does not have the lacl repressor
gene, and we found pSU20’s P, to be constitutively
expressed; thus, the promoter was removed by an Xmnl
and Xhol double digest. After DNA was purified on an
agarose gel, the sticky end generated by Xhol was filled
using the Klenow fragment of DNA Polymerase I and then
was ligated to the XmnlI-cut blunt end to generate plasmid
PppilA2.

Site-directed mutations were generated using Strata-
gene’s QuikChange Site-Directed Mutagenesis Kit accord-
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ing to the manufacturer’s instructions (mutagenic primers
listed in Supplemental Table 1). The conversion of P,z to
Picz-19A was conducted by site-directed mutation of
pSU20. The conversion of Py;4 to Ppya-N was conducted
by site-directed mutation of ppilA2, and all P,;4 variants
listed in Fig. 5 were also constructed in ppilA2. The CRP-S
site was removed from ppil A2 using inverse PCR with pfu
DNA polymerase and primers ppilA/-35-F and ppilA/
UPII-R, which were designed to bind sequence flanking
the CRP-S site. Amplicons contained full ppilA2 sequence
except for the CRP-S site and were circularized using
blunt-end ligation. The AILIILIV promoter (Fig. 5) was
constructed by a Sacll digest of ppil A2: : All plasmid, which
cut both the Sacll site used to replace element II and a
second Sacll site ~200 bp upstream; recircularizing the
digested plasmid placed vector DNA adjacent to element .

Real-time (quantitative) PCR

Total RNA was isolated from cultures using RNeasy
Mini Kits (Qiagen), and purity and quality were assessed
by electrophoresis on 1% agarose (1xTAE). RNA was
DNase treated twice with a DNA Free kit (Ambion),
followed by cDNA synthesis using the iScript cDNA
synthesis kit (Bio-Rad). For each PCR primer set (Supple-
mental Table 1), reactions were carried out in duplicate on
an Opticon 2 system (Bio-Rad) using iTaq SYBR Green
Supermix (Bio-Rad). murG RNA served as an internal
control for normalization of each sample because this
gene’s expression is constant in the culture conditions
used in this study.”® Standard curves were generated
using six serial 10-fold dilutions of MAP7 chromosomal
DNA or ppilA2 plasmid DNA. PCR primers pilB-RT-F and
ppilA2-RT-R were designed to flank the junction of pilB
and the multiple-cloning site in the plasmid ppilA2 in
order to exclusively measure pilAB transcripts originating
from engineered plasmid-borne promoters. This primer
set did not generate amplicons from chromosomal DNA
template, confirming that it targets only plasmid-encoded
pilAB transcripts.
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