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Activation of algD by AlgR is essential for mucoidy, a virulence factor expressed by Pseudomonas aeruginosa
in cystic fibrosis. Two AlgR-binding sites, RB1 and RB2, located far upstream from the algD mRNA start site,
are essential for the high-leve] activity of algD. However, the removal of RB1 and RB2 does not completely
abolish inducibility of algD in response to environmental signals. In this work, a third binding site for AlgR,
termed RB3, near the algD mRNA start site was characterized. Deletion of RB3 abrogated both the
AlgR-binding ability and the residual inducibility of the algD promoter. DNase I footprinting analysis of RB3
resulted in a protection pattern spanning nucleotides —50 to —30. Eight of 10 residues encompassing a
continuous region of protection within RB3 (positions —45 to —36) matched in the inverted orientation the
conserved core sequence (ACCGTTCGTC) of RB1 and RB2. Quantitative binding measurements of AlgR
association with RB1, RB2, and RB3 indicated that AlgR had significantly lower affinity for RB3 than for RB1
and RB2, with differences in the free energy of binding of 1.05 and 0.93 kcal/mol (4.39 and 3.89 kJ/mmol),
respectively. Altering the core of RB2 to match the core of RB3 significantly reduced AlgR binding. Conversely,
changing the core of RB3 to perfectly match the core of RB2 (mutant site termed RB3*) improved AlgR binding,
approximating the affinity of RB2. RB3*, in the absence of the far upstream sites, showed an increase in activity,
approaching the levels observed with the full-size algD promoter. Changing 4 nucleotides in two different
combinations within the core of RB3 abolished the binding of AlgR to this site and resulted in a significant
reduction of promoter activity in the presence of the far upstream sites. Thus, (i) the core sequence is essential
for AlgR binding; (ii) the three binding sites, RB1, RB2, and RB3, are organized as an uneven palindrome with

symmetrical sequences separated by 341 and 417 bp; and (jii) all three sites participate in algD activation.

Pseudomonas aeruginosa is the major pathogen infecting
the lungs of cystic fibrosis patients (18, 19). Among its
arsenal of virulence factors is the ability to synthesize and
secrete the exopolysaccharide alginate (14, 18, 27, 31). The
overproduction of alginate by cells results in mucoid colony
morphology, a frequently observed trait among cystic fibro-
sis isolates. The role of mucoidy in sustained bacterial
colonization and chronic infection of the cystic fibrosis lung
has been established in numerous studies (18, 19, 32). The
emergence and persistence of mucoid P. aeruginosa in
cystic fibrosis are underlying causes of the progressive lung
damage and mortality associated with this disease (18, 19).

A key step in the overproduction of alginate and the
establishment of mucoidy is the strong transcriptional acti-
vation of the algD gene encoding GDPmannose dehydroge-
nase (8-10, 30). This enzyme catalyzes the oxidation of
GDPmannose into GDPmannuronic acid, a direct precursor
of alginate (8, 33). The algD promoter is subject to complex
transcriptional regulation and has become a benchmark for
monitoring molecular events which govern expression of the
alginate system (10, 15, 17, 39). One of the regulatory
elements (12-14, 21, 39) positively controlling algD is AlgR
(9), a response regulator from a superfamily of bacterial
signal transduction systems (7). Insertional inactivation of
algR renders cells nonmucoid and dramatically affects tran-
scription of algD by reducing the algD promoter activity
approximately 100-fold (30). The recent purification of AlgR
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has allowed demonstration of its direct interaction with the
algD promoter (21, 29). It has been shown that AlgR binds to
two sites far upstream from the algD mRNA start site (Fig.
1). These binding sites, designated RB1 and RB2 (29), span
nucleotides —479 to —457 and —400 to —380, respectively,
relative to the algD mRNA start site (29). RB1 and RB2 are
located in the region (Fig. 1, FUS [for far upstream sites])
identified in this laboratory, by deletion and functional
analyses, as critical for the high-level transcription of algD
(30). Centered around the middle of both RB1 and RB2 is a
perfectly conserved 10-bp sequence (5’ACCGTTCGTC3')
termed the core region (29). The core sequences of RB1 and
RB2 form a pair of direct repeats with a head-to-tail separa-
tion of 66 nucleotides (29, 30).

When RB1 and RB2 are sequentially deleted, this results
in a stepwise reduction of algD transcription; however, the
promoter is still responsive to induction (30). The reasons for
this residual activity are currently unknown. In the process
of characterizing the high-affinity AlgR-binding sites RB1
and RB2, we observed a relatively weak but specific inter-
action of AlgR with sequences closer than RB1 and RB2 to
the algD mRNA start site. This putative lower-affinity bind-
ing site(s) appeared to be separated from the far upstream
sites RB1 and RB2 by a long region of DNA not binding
AlgR. In this study, we demonstrate that AlgR does bind
close to the algD mRNA start site, report a precise definition
of this third discrete AlgR-binding site within the algD
promoter, establish the role of the core sequence for AlgR
binding, and demonstrate participation of all three binding
sites in algD activation.
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MATERIALS AND METHODS

Growth conditions, bacterial strains, DNA constructs,
recombinant DNA methods, and transcriptional fusion stud-
ies. The medium used for growing all Escherichia coli strains
was LB, supplemented with 40 pg of ampicillin per ml and 30
ng of chloramphenicol per ml, when required. Protein over-
expression was performed in E. coli BL21(DE3) harboring
pLysS (36). The plasmid constructs used for the overexpres-
sion and purification of AlgR have been described previously
(29). DNA manipulations were done according to published
procedures (1). DNA was sequenced by the dideoxy-chain
termination method with modifications as described previ-
ously (24). The nucleotide sequence of the algD promoter
from a PAO strain has been published previously (GenBank
accession number M37205) (30). Templates for DNA se-
quencing and for generating uniformly labeled probes used in
quantitative binding measurements were made from the
previously published algD deletion clones in M13 (30). The
plasmids used to generate end-labeled probes for gel mobil-
ity shift assays and DNase I footprinting analysis were
constructed by subcloning deletion derivatives of the algD
promoter from PAO (30) into pUC12 as HindIII-EcoRI
fragments. For transcriptional fusion studies, appropriate
DNA fragments were cloned into the transcriptional fusion
vector pVDX18 and conjugated into P. aeruginosa PAO568
(muc-2), and exconjugants were selected on Pseudomonas
isolation agar (Difco) supplemented with carbenicillin (300
pg/ml). The media and growth conditions for induction with
NaCl or alternative nitrogen sources (nitrate instead of
ammonia) have been previously described (10, 30). Promoter
activity was assayed by determining the activity of catechol
2,3-dioxygenase (CDQO), the gene product of xylE used as a
reporter gene, as previously described (10, 23, 30). One unit
of CDO is defined as the amount of enzyme required to
convert 1 umol of catechol into 2-hydroxymuconic semial-
dehyde in 1 min at 24°C.

Oligonucleotide-mediated site-directed mutagenesis. The
AlgR-binding sites (RB2 and RB3) were mutagenized apply-
ing two methods: (i) the in vitro selection procedure of
Vandeyar et al. (38), based on incorporation of 5-methyl-
dCTP in the mutant strand (using the T7-GEN in vitro
mutagenesis kit from United States Biochemical); and (ii) the
in vivo selection method of Bauer et al. (2), using M13
vectors with amber mutations. M13 DNA templates contain-
ing different deletions of the algD promoter and cloned
native T7 DNA polymerase (lacking strand displacement
activity) for primer extension reactions were used for both
methods. Mutagenic oligonucleotides were (underlined res-
idues indicate the residues different from the wild-type
sequence): MO1 (5'ATTTCGCGAGCGGGACGAACGGT
CGGAACTTCCCTC3’), MO3 (5'ATTTCGCGAGCGGGA
CAAGTAACCGGAACTTCCCTC3'), MO4 (5'ATTTCGC
GAGCGGGGTAGACGACCGGAACTTCCCTC3'), and MO5
(5'ATAGGCCTACTCGGCCGTTIGTCTGCAAGTCATTC
G3'). To facilitate screening, the changes were designed so
that a new restriction site was created or the existing one
was lost. Mutations were confirmed by dideoxy sequencing,
using a primer extending from positions —237 to —221
relative to the mRNA start site (5GGTCGAAGATTAAG
GAA3'; LO1) and the universal 17-bp primer.

Protein purification and analysis. The overexpression and
purification of AlgR was performed as previously described
(29). Protein concentration was determined by the Bradford
assay (3). The purity of AlgR was over 90%, as judged by
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Coomassie blue stains and densitometry of sodium dodecyl
sulfate (SDS)-polyacrylamide gels (29).

Mobility shift DNA binding assay. The DNA probes used
for the mapping of RB3 by gel mobility shift assay were
generated by digestion with Clal (cutting at position +11
relative to the algD mRNA start site), treatment with phos-
phatase, and phosphorylation with [y->?P]JATP (6,000 Ci/
mmol; DuPont NEN) catalyzed by polynucleotide kinase.
Upon digestion with a second restriction endonuclease, the
end-labeled fragments were gel purified. Probes (approxi-
mately 5 X 10* cpm) were incubated with different amounts
of AlgR (7.8 to 331 ng) at 20°C for 10 min in a 10-pl reaction
mixture containing 25 mM Tris-HCI (pH 8.0), 0.5 mM
EDTA, 0.5 mM dithiothreitol, 20 mM KCl, 5% glycerol, and
10 pg of native salmon sperm DNA per ml. All reaction
mixtures contained 0.25 pg of pUCI12 as additional nonspe-
cific competitor DNA. After incubation, the protein-DNA
complexes and free DNA were separated on a 5% native
polyacrylamide gel in a solution consisting of 6.7 mM
Tris-HCl (pH 7.9), 3.3 mM sodium acetate, and 1 mM
EDTA, as described previously (29). The gels were vacuum
dried and autoradiographed.

DNase I footprinting analysis and localization of footprints
by comparison with DNA sequence generated using dideoxy-
nucleotide sequencing method. 5’'-end-labeled probes were
generated as described for mobility shift DNA binding assay.
End-labeled fragments were generated by second digestion
[with either Nsil (—144) or EcoRV (—80)]. After incubation
of 4 x 10* cpm of radiolabeled probe with either 1.5 or 3 pg
of AlgR in the standard binding reaction mixture, the con-
centration of MgCl, was adjusted to 5 mM and 200 ng of
DNase I was added. Following a second incubation for 1 min
at room temperature, the reaction was stopped by the
addition of an equal volume of a solution containing 1%
SDS, 100 mM EDTA, 200 mM NaCl, and 2 mg/ml of tRNA,
followed by phenol extraction and ethanol precipitation. The
products of DNase I digestion were run on sequencing gels
in parallel with a sequencing ladder generated using the
16-mer oligonucleotide primer MO2 (5'CGATAGGCAT
CGCGGT3’). This oligonucleotide extended from positions
+13 to —3 of the previously published algD promoter
sequence (30), and its 5’ end matched the labeled position
within the probes used for DNase I footprinting analysis.
Thus, the boundaries of RB3 were precisely determined by
directly comparing the footprints with the sequencing lad-
der.

Quantitative binding measurements. Probes for quantita-
tive binding studies were uniformly labeled with [a->?P]
dCTP (3,000 Ci/mmol; DuPont NEN) and Klenow fragment
of DNA polymerase I. This was achieved by synthesizing
the second strand on single-stranded templates from clones
of the algD promoter in M13 primed by the universal 17-bp
primer. The products were digested with appropriate en-
zymes, and double-stranded, labeled fragments were puri-
fied on polyacrylamide gels. These probes were labeled to
high specific activities, permitting maintenance of a low
DNA input (for RB2, 0.1 to 0.18 pmol; for RB3, 0.24 to 0.36
pmol) relative to AlgR concentrations in the binding reaction
mixture. Protein-DNA binding, separation of products, and
detection of the products were carried out as described for
mobility shift DNA binding assay.

The autoradiograms were quantitatively analyzed using a
two-dimensional scanner. Digitized film images were used to
derive integrated optical densities of bands corrected for film
background density. The integrated densities of free DNA
were used to calculate the fraction of probe in protein-DNA
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FIG. 1. (A) Organization of the AlgR-binding sites within the algD promoter. All numbers denoting nucleotide positions are given relative
to the algD mRNA start site (+1; bent arrow). The solid black box represents the far upstream sites (FUS) previously identified as being
required for the high-level transcription and environmental modulation of algD (30). RB1 and RB2 are the previously identified AlgR-binding
sites (29). RB3 is the third AlgR-binding site identified and characterized in this study. Numbers above the boxes with arrowheads represent
the limits of AlgR footprints. Numbers below the boxes correspond to the limits of the 10-bp core sequence shared by each binding site.
Arrowheads on boxes labeled RB1, RB2, and RB3 indicate the orientations of the respective core sequences. Lowercase letters represent the
two nucleotides in the RB3 core sequence not matching the corresponding nucleotides in the core of RB1 and RB2. Negative numbers above
the line represent the positions of the 5’ ends of fragments used for expression studies; the other end of such fragments was the EcoRI site
at +112. (B) Overlapping series of fragments of the algD promoter and other fragments used for binding of AlgR in this study. HindIII sites
were introduced by deletion procedure (30). Numbers in subscripts indicate positions of the restriction sites used to generate the fragments.

complexes. These values, expressed as percent saturation,
were plotted against the concentration of AlgR, and used to
calculate apparent association constants (K,;,). According
to the familiar Langmuir isotherm appliedP to fractional
saturation of DNA for a single binding site (5, 6), at 50%
saturation K, = 1/[R];, (5, 6, 16). K,,, values were
computed by ﬁtting the data to a nonlinear model based on
Langmuir isotherm (¥ = K, [AlgR)/(1 + K, ,[AlgR]), using
the Levenberg-Marquardt algorithm (26). Curve-fitting com-
putations and plotting were done using Sigma Plot program
(Jandel Scientific) on a Macintosh computer. A measure of
the difference in free energies of AlgR-RB2 and AlgR-RB3

binding was calculated from ratios of respective K, values
by using the relationship AAG = —RT(InK3?/K7). Since

contributions of terms such as dilution during gef electro-
phoresis and AlgR specific activity cancel out in this equa-
tion (as long as the same AlgR preparation is used for
comparisons), the derived differences in free energies of
binding should be independent of such variables.

RESULTS

Localization of a third AlgR-binding site within the algD
promoter using gel mobility shift DNA binding assay. The
limits of the previously identified AlgR-binding sites, RB1
and RB2, were initially mapped by using deletion subclones
of the algD promoter in gel mobility shift DNA binding
assays (29). In the course of performing these experiments,
we observed that a DNA fragment containing sequences

closer to the algD mRNA start site (—332 to +11) also
showed the capacity to bind AlgR in a manner clearly
indicating a sequence-specific interaction (29). In order to
precisely map the limits of this third binding site, a set of
overlapping DNA fragments within the region —144 to +11
was generated (Fig. 1B). This was facilitated by the presence
of single sites for Nsil, EcoRV, Nrul, and Xmalll, located in
the vicinity of the algD mRNA start site (Fig. 1B). All
fragments were end labeled with 32P at the same end point
(Clal; +11). The resulting fragments were used in gel mo-
bility shift DNA binding assays with different concentrations
of purified AlgR. Fragments F_144/+11)» F(_s0/+11), and
F(_s3/+11) all showed equal abilities to bind AlgR (Fig. 2).
Each reaction mixture using these probes formed a single
protein-DNA complex at both concentrations of AlgR used,
indicating the presence of a single AlgR-binding site within
each labeled fragment. However, when a fourth labeled
fragment F_5,,.1,, Was used, the ability to bind AlgR was
lost (Fig. 2). This fragment was unable to bind AlgR, even
when the concentration of AlgR was increased fourfold (Fig.
2, F(_39/,411)> lane 3). This fragment differs from the last one
able to bind AlgR by only 14 bp. These results permitted fine
mapping of the third AlgR binding site, called RB3, within
the algD promoter. Unlike the far upstream binding sites
RB1 and RB2, RB3 was located close to the algD mRNA
start site. At least a portion of this site had to be within the
region spanning nucleotides —53 to —39. Interestingly, the
Xmalll site, used to generate F_so/, 1), disrupted a se-
quence which showed the best match of ali sequences within
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FIG. 2. Mapping of the third AlgR-binding site RB3 using a
series of consecutively smaller fragments of the algD promoter.
Shown is a mobility shift DNA binding assay performed as de-
scribed in Materials and Methods. Four fragments F(_ju.11y
F(_wﬂl), F(_s3/+11» and F_5y/,1,, Were generated by cleavage at
the restriction sites Nisil, EcoRV, Nrul, and Xmalll, respectively.
Each fragment was radiolabeled with 32P (asterisk) at the common
endpoint Clal (+11). Lanes in each set: 1, radiolabeled fragment
alone; 2, 80 ng of AlgR; 3, 330 ng of AlgR. Below the autoradiogram
is the nucleotide sequence of the region immediately upstream of the
algD mRNA start site (30). Numbers in parentheses are given
relative to the algD mRNA start site. Underlined nucleotides are the
restriction enzyme recognition sites. Black balloons denote cleavage
sites. Bold nucleotides indicate the sequence (shown as double-
stranded DNA) matching the 10-bp core sequence of the previously
identified AlgR-binding sites RB1 and RB2. Other symbols are as
described in the legend to Fig. 1.

the algD promoter to the 10-bp core sequence of RB1 and
RB2 (Fig. 2).

Deletion of RB3 abrogates residual inducibility of the algD
promoter observable in the absence of the far upstream sites
RB1 and RB2. To examine whether AlgR binding at RB3
plays a role in algD activation in vivo, we used two DNA
fragments extending from the Nrul (—53; with RB3) or
Xmalll (—39; without RB3) site and both ending at the
EcoRI site located at position +112 relative to the algD
mRNA start site. These fragments were cloned in the
transcriptional fusion vector pVDX18, and promoter activity
was assayed by following the procedures and growth condi-
tions that had been previously used to functionally charac-
terize the far upstream binding sites RB1 and RB2 (30). The
results shown in Table 1 demonstrate that deletion of RB3
abrogates the residual activity and inducibility of this mini-
mal algD promoter (P values using # test statistical analysis
were below 0.002). Conditions inducing mucoidy and algD
transcription in PAO568 (addition of salt to LB medium or
growth on nitrate instead of ammonia as the nitrogen source)
(10, 30) caused increased transcription of the fragment
containing RB3 [Table 1, F(_s3/,112]. When RB3 was de-
leted, there was a strong drop in overall activity and no
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TABLE 1. Effects of deletion of RB3 on the activity of the algD
promoter in the absence of the far upstream sites RB1 and RB2

CDO activity” of fragment*:

Medium?® F F
(—53/+112) (~39/+112)
(with RB3S (without RB3)
LB 805 31+4
LB + NaCl 158 + 16 45 7
NH, 86 + 10 39+7
NO,; 294 + 40 52+8

“ LB, plain LB medium; LB + NaCl, LB supplemented with 0.3 M NaCl;
NH,, minimal medium with 0.2% ammonium sulfate as the nitrogen source;
NO;, minimal medium with 0.2% potassium nitrate as the nitrogen source.

& CDO activity was determined in sonic extracts of PAO568 (muc-2) grown
under conditions as previously described (10, 34). All values expressed as
mean milliunits per milligram of protein + standard error. Extract preparation
and enzyme assay were described previously (10, 30). Units are defined in
Materials and Methods.

€ F(_s3/+112), fragment extending from —53 to +112 relative to the algD
mRNA start site (containing RB3); F(_3q,.112), fragment extending from —39
to +112 (RB3 deleted). Both fragments were cloned in pVDX18, and the
resulting fusions were conjugated into P. aeruginosa PAO568.

statistically significant difference in algD transcription on
LB medium supplemented with 0.3 M NaCl versus LB
medium alone and nitrate versus ammonia could be ob-
served (Table 1). These results indicate that RB3 plays a role
in the activation of the algD promoter and in its response to
environmental conditions.

DNase I footprinting analysis of RB3. In order to precisely
map the site of AlgR binding to RB3, as well as to pinpoint
the recognition sequence for AlgR within this region, a
DNase I footprinting analysis was performed. Conditions
used to footprint RB1 and RB2 (29) were not suitable for the
footprinting of RB3, most likely because of the weaker
nature of protein-DNA interactions at RB3. An optimal set
of conditions, as described in Materials and Methods, was
formulated to permit the footprinting of RB3. As an addi-
tional level of control, DNase I footprinting patterns using
two different fragments [F_,44/411) and F(_gg/,11y], both
containing the putative Ré3 site, were compared. End-
labeled fragments were generated by cleavage at the Clal
site (+11), treatment with phosphatase, phosphorylation
with [y->’P]ATP, and digestion with either Nisil or EcoRV.
The resulting probes were incubated with AlgR, treated with
DNase I, and run next to each other on a sequencing gel. The
products of DNase I digestion were run along the side of a
sequencing ladder generated using the 16-mer oligonucleo-
tidle MO2 (Materials and Methods). The 5’ end of MO2
matched the position within the Clal site that was labeled in
footprinting experiments. The use of such an oligonucleotide
primer permitted direct comparison of footprinting patterns
with the nucleotide sequence of this region generated by
using the dideoxynucleotide sequencing method. Typical
results of such experiments are shown in Fig. 3. Probes
incubated in the presence of AlgR revealed a single discrete
area of protection, indicating the presence of a single AlgR-
binding site. Furthermore, the position of the observed
footprint was identical in both fragments. The location of
RB3, mapped by DNase I footprinting analysis, was in
agreement with the mapping of RB3 by gel mobility shift
DNA binding assays. The position of RB3 was additionally
confirmed by hydroxyl radical footprinting analysis (data not
shown). The protection pattern observed in DNase I foot-
printing experiments, which extended over the region span-
ning positions —50 to —30, had a continuous area of protec-
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FIG. 3. DNase I footprinting of AlgR bound at RB3. The foot-
print patterns of two different end-labeled fragments, F(_g,.1,+) and
F(_144/+11+)» Were compared (the asterisk denotes the labeled end).
Lanes: 1, no AlgR added; 2, 1.5 ug of AlgR; 3, 3 ug of AlgR. The G,
A, T, and C lanes show the sequencing ladder generated using the
oligonucleotide MO2 (5'CGATAGGCATCGCGGT3'). The 5’ end of
MO2 matched the position within the Clal site which was labeled in
footprinting experiments. This permitted a direct alignment of the
nucleotide sequence and the footprinting pattern. Boxes indicate the
regions protected from DNase I digestion by AlgR binding. Solid
box, continuous region of protection; hatched boxes, additional
regions of protection. Bold letters indicate protected nucleotides.
Capitalized bold letters are those nucleotides that are identical in all
three AlgR-binding sites (RB1, RB2, and RB3). Hypersensitive sites
are indicated (').

tion encompassing nucleotides —46 to —36 (Fig. 3). This
region contained the sequence 5'gCCGTTtGTC3' (lower-
case letters indicate mismatches with the corresponding
positions in the RB1 and RB2 core), which is identical to the
core sequence of RB1 and RB2 in 8 of 10 bases. Interest-
ingly, this sequence runs in the direction opposite that of
RB1 and RB2. The results of the footprinting analyses
presented here demonstrated the presence and determined
the location of a third discrete AlgR-binding site within the
algD promoter and further substantiated the role of the core
sequence as a likely recognition site for AlgR (Fig. 4).
Comparison of affinities of AlgR for RB2 and RB3. Gel
mobility shift DNA binding assays (29) and a relative diffi-
culty in footprinting RB3 were indicative of a lower affinity
of AlgR for RB3. In order to further investigate these
observations, the affinities of AlgR for RB2 and RB3 were
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4P RB1 457
A. TGGCGCTACCGTTCGTCICCTCCGA 12
-400 RB2 -380
CTACTCARCCETTCATOIGCAAGT 1

3 RB3 P
AGTTCCGECEGTTTGTGCCGCTCR 0.19

CONSENSUS
C - c-[ACCGTTCGTCICC-C

RB3*
B. AGTTCCG[ACCGITCGICICCGCTCE 15

RB3-03
AGTTCCGBTTACTTGTGCCGCTCE NB

RB3-04
AGTTCCGIGTCGTCTAC ClecacTea NB

RB2-05

CTACTCGGCCGTT TGTCITGCAAGT 0.35

FIG. 4. Nucleotide sequences and relative affinities of AlgR-
binding sites within the algD promoter. (A) Sequence alignment of
the wild-type AlgR-binding sites. Numbers are given relative to the
algD mRNA start site and denote the boundaries of DNase I
protection. All sequences are presented in the 5'-to-3' direction.
Boxed nucleotides represent the core sequence of each AlgR-
binding site. The bold letters within the consensus core sequence
are those nucleotides conserved in all three or in two of three
AlgR-binding sites. Also shown is a consensus sequence of addi-
tional conserved nucleotides which are located within the range of
all three footprints. (B) Sequences of mutant RB sites. RB3*
contains the core of RB2 within the RB3 site. RB3-03 and RB3-04
are two down-mutants of RB3 which no longer bind AlgR. RB2-05
has the RB3 core within the RB2 site. RB2-05 also has a change
immediately upstream of the core sequence (G in place of A) which
was introduced to facilitate screening by creating a restriction site.
This G is also present in RB3. Relative affinities of each site for AlgR
are expressed as the ratio of K, for a given site and K, for RB2
(KRB2 = 13.9 x 10° M~ relative error = 11%); binding of AlgR to
RB2 was used as a reference in all experiments. Relative errors in
each case varied between 8 and 16%, as determined by the curve-
fitting program. NB, no binding.

compared. Figure 5 illustrates the comparison of AlgR
binding to RB2 and RB3 in mobility shift DNA binding
assay. It is apparent from this gel that concentrations of
AlgR which saturate approximately half of the RB2 sites are
not sufficient to bind any substantial amount of RB3. Fur-
thermore, concentrations of AlgR which saturate approxi-
mately half of the RB3 sites result in almost complete
binding of RB2.

To derive more quantitative parameters, titration curves
of AlgR binding to fragments containing RB2 or RB3 were
generated. In these experiments, the DNA concentration
was kept constant and increasing amounts of AlgR were
added to the reaction mixture. The distribution of reaction
products in the bound and unbound states was analyzed by
mobility shift DNA binding assay and quantitated by two-
dimensional scanning densitometry. The results of these
studies are shown in Fig. 6A. The K3 and Ki>» values
derived by statistical nonlinear curve-fitting (see Materials
and Methods) were 1.39 x 107 and 2.68 x 10° M1, respec-
tively. This translates into the difference in free energy of
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FIG. 5. Comparison of the affinities of AlgR for RB2 and RB3.
Two uniformly labeled fragments, F_43,/_144) containing RB2 alone
and F_1,¢/411) containing RB3 alone (Fig. 1C), were incubated with
increasing concentrations of AlgR and analyzed by gel mobility shift
DNA binding assay. Lanes in each set: 1, no AlgR; 2, 3, 4, and 5:
7.8, 15.6, 62.5, ng, and 250 ng of AlgR, respectively. Open triangles,
unbound radiolabeled fragments: solid triangles, protein-DNA com-
plexes.

AlgR binding to RB2, relative to that of AlgR binding to
RB3, of —0.93 kcal/mol (—3.89 kJ/mol), derived as explained
in Materials and Methods. This difference is similar in
magnitude to the difference in free energy of binding of
bacteriophage \ cI repressor to the operator sites O, 1 and
O, 3 (—1.4 kcal/mol [—5.8 kJ/mol]) (34). These studies estab-
lished that RB3 was a lower-affinity binding site than RB2.
This was in agreement with the finding that although the core
sequence of RB3 extensively matched the core sequence of
the high-affinity binding sites RB1 and RB2, this similarity
was only partial because of the presence of two mismatches
of 10 residues.

Role of the core sequence in AlgR binding. The conserva-
tion of the core sequence in RB1, RB2, and RB3 suggests
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that the core sequence is important for AlgR recognition and
binding. Such notions were further confirmed by determin-
ing K,,,, for RB1, which was found to be 1.66 x 107 M~}
(Fig. 6A). This site has no similarity with RB2 outside the
core sequence (Fig. 4). Kny' was very close to the value of
KRB the ratio of the two constants being 1.2 (Fig. 4). The
difference in free energy of binding between RB1 and RB3
was —1.05 kcal/mol (—4.39 kJ/mol), similar to the difference
between RB2 and RB3.

If the two mismatches between cores of RB3 on one side
and RB1 and RB2 on the other side were responsible for the
reduced affinity of AlgR in the case of RB3, then changing
these positions in RB3 to match the core of the upstream
sites should result in improved AlgR binding. Conversely,
altering the same two nucleotides in RB2 to match the
residues found in RB3 should lower the affinity of AlgR for
RB2. This hypothesis was tested by using site-directed
mutagenesis as described in Materials and Methods. The
core sequence of RB3 was altered from 5'gCCGTTtGTC3' to
5'ACCGTTCGTC3' (lowercase letters representing the mis-
matches between RB3 and RB2). This mutated site, termed
RB3*, was tested in a quantitative binding assay with AlgR.
RB3* displayed significantly enhanced affinity for AlgR, as
illustrated in Fig. 7. RB3* had an apparent association
constant of 2.11 x 107 M~* (Fig. 6C), which was slightly
higher than the value obtained with RB2. Corroborating
these findings were the results of the converse experiment,
in which the core of RB2 was changed to 5'gCCGTTtGTC3’
(lowercase letters denote departures from the original RB2
core). In this case, one additional nucleotide immediately
upstream of the core region has also been changed (Fig. 4B)
to facilitate screening of mutants. These changes lowered the
affinity of AlgR for the modified RB2 site (termed RB2-05),
and the apparent association constant (4.97 x 10° M~?) was
closer to that of RB3 (Fig. 6B). These experiments estab-
lished the role of the difference between RB2 and RB3 cores

% saturation

& log[AlgR]

log[AIgR]

log[AIgR]

FIG. 6. Titration curves of AlgR binding to RB1, RB2, RB3, and mutant RB2-05 and RB3* sites. Uniformly labeled DNA probes
containing RB1 [F(_s33/—404))» RB2 [F(_432/—144))» OF RB3 [F(_136/411)] (Fig. 1B) were incubated with increasing amounts of AlgR, and the
products were analyzed as described in Materials and Methods (see ““Quantitative binding measurements”). The fraction of the bound probe
(percent saturation) was plotted as the function of AlgR input expressed as logarithm of its molar concentration in the reaction mixture. (A)
Titration curves for wild-type promoters. Solid triangles and the leftmost curve, RBI; solid circles and middle curve, RB2; solid squares and
the rightmost curve, RB3. Apparent association constants (K,,,) were determined by curve fitting to a nonlinear model, as described in
Materials and Methods, and were found to be 1.66 x 107 (RB1), 1.39 x 107 (RB2), and 2.68 x 10% (RB3) M. (B) Titration curve for RB2-05

(open circles and solid line); dashed line, binding curve for RB2 as in panel A. The K,

for RB2-05 was 4.97 x 10° M~! (C) Titration curve

for RB3* (open squares and solid line); dashed line, binding curve for RB3 as in panel A. The K, for RB3* was 2.11 x 10 ML,
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FIG. 7. Comparison of AlgR affinity for RB3* relative to RB3 (A)
and RB2 (B) in a mobility shift DNA binding assay. The fragments
used are shown in Fig. 1. F(_;,4,1;) contains RB3 or its mutant
RB3* variant (indicated by an asterisk). F_,35,_144) contains RB2.
(A) Lanes: 1, no AlgR; 2, 3, 4, and 5, 7.8, 15.6, 62.5, and 250 ng of
AlgR, respectively. (B) Lanes: 1, no AlgR; 2, 3, 4, and 5, 3.9, 7.8,
15.6, and 62.5 ng of AlgR, respectively. Open triangles, unbound
probe; solid triangles, bound probe.

as the major contributing factor in determining the level of
affinity for AlgR.

Additional experiments were performed to examine
whether other nucleotides within the core sequence played a
role in AlgR binding. This was accomplished by altering 4
nucleotides in two different combinations within the context
of RB3 (5'gttacTtGTC3’' and 5'gtCGTctacC3’; lowercase
letters denote departure from the high-affinity core sequence
such as in RB2). Both of these altered sites (RB3-03 and
RB3-04, respectively) no longer bound AlgR (Fig. 8). These
experiments confirmed the role of the core sequence as the
recognition site for AlgR.

RB3 RB3-03 RB3-O4

1 2 3 1 2 3 1 2 3
>

Oy W D we W D e

FIG. 8. Loss of AlgR binding activity of mutant RB3 sites when
four simultaneous changes of nucleotides are introduced within the
core sequence. Two different combinations of substitutions (GttacT
TGTC [RB3-03] and GtCGTcTacC [RB3-04]; lowercase letters
denote changes relative to the wild-type RB3 sequence) were used.
Lanes 1, 2, and 3 contained the amounts of AlgR described in the
legend to Fig. 2. Other markings are as described in the legend to
Fig. 7.
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FIG. 9. Effects of point mutations in RB3 on aigD promoter
activity. Different algD promoter fragments containing wild-type or
mutant sites were assayed for promoter activity using the transcrip-
tional fusion vector pVDX18 (24). CDO (units are defined in
Materials and Methods) is the product of xylE used as a reporter
gene. Growth conditions, extract preparation, and enzyme assays
have been described previously (24, 30). Stippled bars, LB medium;
hatched bars, LB medium supplemented with 0.3 M NaCl; solid
bars, ammonia as the nitrogen source; open bars, nitrate as the
nitrogen source. Error bars indicate standard error values. HindIII-
EcoRl inserts in pVDX18 were as follows: F(_s33,,112), all three sites
wild type (RB1, RB2, RB3); F(_s33/..112-03, wild-type RB1 and RB2,
mutant RB3-03 (RB1, RB2, RB3-03); F_,3.112, RBIL deleted,
wild-type RB2 and RB3 (RB2, RB3); F(_,35/.112-04, RB1 deleted,
wild-type RB2, mutant RB3-04 (RB2, RB3-04); F(_,16/.112)» RBl and
RB2 deleted, wild-type RB3 (RB3); and F(_;;6/+112)» RB1 and RB2
deleted, mutant RB3* (RB3*). Numbers in subscripts are defined in
the legend to Fig. 1. The sequences of RB3-03, RB3-04, and RB3*
are shown in Fig. 4.

Full-size algD promoter no longer capable of binding AlgR
at RB3 displays lower activity in vivo. Experiments with
deletion of RB3 in the context of the minimal algD promoter
(devoid of the far upstream binding sites RB1 and RB2)
indicated that RB3 is functional in vivo. However, the
activities observed were more than an order of magnitude
lower than activity of the full-size promoter including the
RB1, RB2, and RB3 sites (30). To assess a possible partici-
pation of RB3 at high levels of algD expression, two con-
structs were compared: (i) a fragment extending from —533
to +112, containing the wild-type RB1, RB2, and RB3 sites,
and (ii) the same fragment with a 4-nucleotide change within
RB3 (mutant site RB3-03) which no longer binds AlgR at this
site (Fig. 8). The numbers of nucleotides and distances
between elements were not altered. This construct displayed
significantly reduced algD promoter activity (Fig. 9). The
effect of nonfunctional RB3 was similar in magnitude to the
effect when one of the far upstream sites (RB1) was re-
moved. A significant reduction in algD promoter activity
was also observed (Fig. 9) when a promoter with the RB1
site deleted but containing functional RB2 and RB3 sites was
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compared with the same fragment carrying mutant RB3 site
(RB3-04). RB3-04, like RB3-03, lost the capacity to bind
AlgR (Fig. 8). These experiments indicated that AlgR bound
at RB3, in the context of AlgR present at RB1 or RB2,
contributes significantly to the activation of algD.

The described experiments with deletions and site-di-
rected mutagenesis suggest that AlgR bound at RB3 plays a
role as an activator. If this is true, increasing the affinity of
RB3 for AlgR should result in an increase in transcriptional
activity. To test this hypothesis, a mutant minimal promoter
containing RB3* (on a fragment spanning positions —116 to
+112 and thus lacking RB1 and RB2) was assayed for
activity in vivo. RB3* has improved binding of AlgR, caus-
ing it to be equal to or slightly exceeding that of RB2 (Fig.
6C). This resulted in a strong enhancement of algD promoter
activity relative to the same fragment containing the wild-
type RB3 site (Fig. 9). Activity levels of the minimal pro-
moter with RB3* approached, on certain media, the activi-
ties of the full-size promoter containing all three wild-type
RB1, RB2, and RB3 sites (Fig. 9).

DISCUSSION

In this work, a third AlgR-binding site within the algD
promoter has been characterized and an unusual overall
organization of AlgR-binding sites has been revealed. The
newly described site, termed RB3, has been initially delim-
ited using gel mobility shift DNA binding assay and then
precisely defined by DNase I footprinting analysis. The role
of RB3 in the transcriptional activation of algD is supported
by deletion analysis, site-directed mutagenesis, and func-
tional assays of the algD promoter. A distinct residual
activation and environmental modulation of the algD pro-
moter, still observable when both of the far upstream sites
(RB1 and RB2) are removed, depends on RB3. Moreover,
RB3 plays a significant role in the high-level expression of
the full-size algD promoter, equaling in magnitude the effect
of one of the far upstream sites (RB1).

Apparent association constants for different AlgR-binding
sites (tabulated in Fig. 4 as ratios relative to Ky22) have been
derived in this work as a quantitative measure of the relative
affinities of RB1, RB2, RB3, and mutant sites for AlgR. All
three binding sites, RB1, RB2, and RB3, encompass a highly
conserved sequence, called the core sequence, which is in
each case centered around the middle of the region protected
by AlgR from DNase I attack (Fig. 4A). This sequence has
been noted initially as a set of direct repeats in the region
required for high-level transcription of algD (30) and later
shown to be within the far upstream AlgR-binding sites (21,
29). Site-directed mutagenesis presented here proves that
the core sequence plays a critical role in AlgR recognition.
Nevertheless, when the core sequences of all three AlgR-
binding sites were aligned, additional conserved nucleotides
upstream and downstream of the core sequence were ob-
served within the regions encompassed by the footprints
(Fig. 4A). It is possible that these or additional nucleotides
contribute to the overall strength of AlgR binding, which
could explain minor variations in K, values observed with
some mutant sites.

Unlike the previously identified AlgR-binding sites RB1
and RB2 (29), which are located in the far upstream region of
the algD promoter (30), RB3 is located close to the algD
mRNA start site. The direction of the core sequence of RB3
is in the opposite orientation to that of the core sequences of
RB1 and RB2. The core sequences of the far upstream
binding sites RB1 and RB2 represent a set of two perfect
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direct repeats with periodicity of 76 bp (30). The core
sequence of RB3, which is in the opposite orientation to that
of RB1 and RB2, is separated from the core sequence of the
nearest far upstream site RB2 by 341 bp. Taken together, the
three AlgR-binding sites can be viewed as a complex,
lopsided palindrome with symmetrical half-sequences sepa-
rated by a large intervening segment of DNA.

Experiments presented here indicate that AlgR bound at
RB1 or RB2 may operate, to a significant degree, indepen-
dently of AlgR bound at RB3. The direction of AlgR-binding
sites may reflect the need for proper orientation of AlgR to
enable its interaction with components of the transcription
initiation complex. In one model, AlgR bound at RB1 or RB2
may require DNA bending or looping in order to interact
with the transcriptional apparatus, similar to the activation
of the nifH or gin4 promoter by activators bound at up-
stream sites (20, 37). If a 180° loop were formed, this would
bring AlgR bound at RB1 or RB2 in the same orientation
relative to RNA polymerase as AlgR bound at RB3. The
proximity and a proper orientation of AlgR at RB3 may help
understand how this lower-affinity site contributes to the
activation process. Binding of the activator to a lower-
affinity site located in the proximity of RNA polymerase may
be equivalent in its net effect, under certain conditions, to
the binding of AIgR to a much stronger site, but which
requires additional steps, such as bending, looping, or diffu-
sion in order to interact with transcriptional apparatus.

Although the far upstream sites appear to be independent
of RB3 to a certain degree, it is not possible to absolutely
exclude AlgR-AlgR interactions bound to different sites of
the algD promoter or participation of other factors associat-
ing with the intervening DNA. This is based on the finding
that RB3, in the absence of the upstream sites, cannot
support high-level transcription of algD. In this model,
compatible with sequential saturation of RB sites which has
been observed in vitro (data not shown), RB1 and RB2 are
significantly loaded with AlgR prior to any substantial bind-
ing of AlgR at RB3. AlgR binding to these sites may be
largely independent of RB3. However, once the far upstream
sites are loaded with AlgR, this may affect AlgR binding at
RB3, possibly via protein-protein interactions, thus making
AlgR association with RB3 dependent on the presence of far
upstream sites.

Our preliminary attempts to explore potential interactions
of unmodified AlgR bound at RB2 with AlgR located at RB3
support the notion that such putative processes are either
too weak to be detected by mobility shift DNA binding assay
(data not shown) or may be dependent on the phosphoryla-
tion state of AlgR or participation of additional regulatory
elements. Perhaps related to the inability to observe coop-
eratively by mobility shift assays is the absence of any
significant intrinsic bending of this DNA region (28). Thus,
these putative processes, as well as possible interactions of
AlgR bound at RB1 or RB2 with RNA polymerase, may
either depend on a protein induced DNA bending or looping,
such as in the case of NifA-dependent activation of nifH
(20), or NtrC-dependent activation of gind (37), respec-
tively, or other factors determining local and global nucleoid
structure. On the basis of independent genetic studies, it is
known that other elements, such as the histone-like protein
AlgP (Hpl), can enhance activity of the algD promoter (11,
13, 22, 24). In addition, the algD promoter has several
sequences resembling integration host factor (IHF) binding
sites (28). We have shown that polyclonal antibodies against
E. coli IHF recognize a polypeptide with a similar M, in
crude P. aeruginosa extracts and, more importantly, that
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IHF binds to the algD promoter and causes a significant
bending of DNA (28). Experiments are in progress to exam-
ine whether protein-induced bending can facilitate footprints
of AlgR at RB3 when RB1 and RB2 are present on the same
fragment. Another important aspect of algD promoter regu-
lation that needs to be explored is whether and how phos-
phorylation of AlgR affects its interaction with different
binding sites. It is possible that a phosphorylation of AlgR
typical of the two-component systems, which has been
recently demonstrated (13a, 25) using a heterologous kinase
CheA (35), could play a pivotal role in the recruitment of
sites and may guide the macromolecular assembly and its
activity at the algD promoter.

The peculiar organization (4) of the algD promoter re-
ported here, in conjunction with the control by multiple
signal transduction systems and histone-like elements, in-
volving AlgR (29), AlgB (17, 39), AlgP (Hpl) (11, 13, 22),
AlgQ (12, 24), and potentially other factors, is a further step
toward delineation of the regulation of mucoidy. It is also an
example of the elaborate regulatory networks necessary to
control such complex phenotypes as the expression of
virulence determinants. -
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