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Coronatine (COR) is a plasmid-encoded phytotoxin synthesized by several pathovars of phytopathogenic
Pseudomonas syringae. The COR biosynthetic gene cluster in P. syringae pv. glycinea PG4180 is encoded by a
32-kb region which contains both the structural and regulatory genes needed for COR synthesis. The regula-
tory region contains three genes: corP, corS, and corR. corS is thought to function as a histidine protein kinase,
whereas corP and corR show relatedness to response regulators of the two-component regulatory paradigm. In
the present study, we investigated whether CorR is a positive activator of COR gene expression. We also studied
whether CorR specifically binds the DNA region located upstream of cfl, a gene located at the 5’ end of the gene
cluster encoding coronafacic acid, the polyketide portion of COR. Complementation analysis with a corR
mutant, PG4180.P2, and transcriptional fusions to a promoterless glucuronidase gene (uid4) indicated that
CorR functions as a positive regulator of COR gene expression. Deletion analysis of the 5’ end of the cfl
upstream region was used to define the minimal region required for COR gene expression. A 360-bp DNA
fragment located over 500 bp upstream from the cfl transcriptional start site was used in DNase I protection
assays to define the specific bases bound by CorR. An area extending from —704 to —650 with respect to the
¢fl transcriptional start site was protected by DNase I footprinting, indicating a rather large area of protection.
This area was also conserved in the promoter region for cmaA, which encodes a transcript containing genes for
coronamic acid synthesis, another intermediate in the COR biosynthetic pathway. The results obtained in the
current study suggest that both the coronafacic acid and the coronamic acid structural genes are controlled by

CorR, a positive activator of COR gene expression.

The phytotoxin coronatine (COR) is a plasmid-encoded vir-
ulence factor synthesized by Pseudomonas syringae pv. gly-
cinea, a pathogen of soybean (3). The structure of COR can be
divided into two distinct parts: (i) coronafacic acid (CFA) is of
polyketide origin, and (ii) coronamic acid (CMA) is an ethyl-
cyclopropyl amino acid derived from isoleucine (14, 26, 34).
Both CFA and CMA function as distinct intermediates and are
secreted by COR-producing strains at low levels (27, 48). The
final step in the pathway to COR is presumed to be the ligation
of CFA and CMA via amide bond formation.

In P. syringae pv. glycinea PG4180, the COR biosynthetic
cluster is borne on a 90-kb plasmid designated p4180A (3).
Saturation Tn5 mutagenesis, exogenous feeding studies with
CFA and CMA, complementation analysis, and nucleotide se-
quence analysis were used to construct a functional map of the
COR biosynthetic region (Fig. 1) (3, 24, 43, 44, 48). Two re-
gions in the COR biosynthetic cluster contain structural genes
for CMA and CFA biosynthesis; these are separated by a
3.4-kb regulatory region (Fig. 1) (4). The functional area des-
ignated CPL was required for the coupling of CFA and CMA
via amide bond formation, a step presumably catalyzed by the
cfl gene encoding coronafacate ligase (3, 24).

Sequence analysis of the regulatory region indicated the
presence of three genes: corP, corS, and corR (Fig. 1B). The
deduced amino acid sequence of corS indicated relatedness to
histidine protein kinases which function as environmental sen-
sors, whereas corP and corR showed similarity to response reg-
ulators which function as members of two-component regula-
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tory systems (45). Response regulators control the adaptive
response in two-component regulatory systems and are char-
acterized by an N-terminal receiver domain which functions as
the phosphorylation site and a C-terminal effector domain with
a DNA-binding, helix-turn-helix (HTH) motif (32, 33). Both
domains are strongly conserved in CorR; CorP, however, con-
tains the highly conserved receiver domain (at least two aspar-
tate residues and a conserved lysine) but lacks the HTH motif.
The N-terminal receiver domains of CorR and CorP are al-
most identical when aligned, suggesting a shared specificity for
the same phosphodonor protein(s).

The CFA biosynthetic gene cluster was previously shown to
be encoded by a single, 18.8-kb transcript; the cfl gene mapped
at the 5’ end of the transcript (23). Previous results indicated
that the CFA biosynthetic gene cluster was regulated by cor-
RPS; for example, mutants defective in corR, corP, or corS were
defective in CFA biosynthesis, and expression of a cff::uidA
transcriptional fusion required functional copies of each reg-
ulatory gene (23).

Both CorR and CorP showed significant sequence related-
ness to response regulators in the ROy, group (33), which in-
cludes NarL, BvgA, and FixJ. Several of these response regu-
lators function as positive activators of transcription, and some
bind to specific target sequences upstream of the promoters
they regulate (1, 5, 7). In the present study, we investigated
whether CorR is a positive activator of COR gene expression
and demonstrated specific binding of this protein to the cfl
promoter. We also investigated whether the C-terminal por-
tion of CorR is required for binding.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. Pseudomonas strains were
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FIG. 1. (A) Physical and functional map of the COR biosynthetic gene cluster in P. syringae pv. glycinea PG4180. Functional regions of the COR biosynthetic cluster
are shown in the rectangles above the physical map and are abbreviated as follows: CMA, CMA biosynthetic gene cluster; REG, regulatory region; CFA, CFA
biosynthetic gene cluster; CPL, coupling region (coupling of CFA and CMA via amide bond formation). The horizontal arrow above the functional map indicates the
location of the cfl/CFA operon. (B) Expanded view of the regulatory region that shows the physical location of corP, corR, and corS. The location and orientation of
pAP06.415 and pAP06.AC, the two malE-corR translational fusions described in the present study, are shown. (C) Physical map of Ss¢I fragment 8 showing the location
of the gene encoding coronafacate ligase (cfl) from the translational start site to the translational stop site (arrowhead). The location and orientation of promoter probe
constructs used in this study are indicated. Glucuronidase activity for cfl::uidA fusions is shown in the column adjacent to each construct. Restriction enzymes: B,
BamHI; Bs, BsrBL; E, EcoRI; P, Pstl; S, Sstl; Sa, Sall; Sc, Scal; St, Styl; and X, Xbal.

routinely cultured on King’s medium B (19) or mannitol-glutamate medium (17)
at 24 to 26°C. Escherichia coli DH5« (39) was used as a host in cloning experi-
ments and was cultured in Terrific Broth or Luria-Bertani medium at 37°C (39).
Protein contents of cell lysates were determined with the Bio-Rad (Richmond,
Calif.) protein assay kit as recommended by the manufacturer. The following
antibiotics were added to media in the indicated concentrations (ug/ml): tetra-
cycline, 12.5; kanamycin, 12.5; ampicillin, 40; spectinomycin, 25; streptomycin,
25; chloramphenicol, 12.5; and gentamicin, 2.

DNA procedures. Electrophoresis, purification of DNA fragments from aga-
rose gels, and small-scale plasmid DNA preparations were performed by stan-
dard procedures (39). Selected constructs were transformed into P. syringae by
electroporation as described previously (39).

Construction of transcriptional fusions. pCFLP, which contains a cfl::uidA
transcriptional fusion in pBBRIMCS, was constructed using pHLP3 as a source
of the cfl promoter and the uidA gene. pHLP3 was digested with Sall and SstI to
release the 3.27-kb fragment containing the cfl promoter and the uidA gene. This
fragment was then ligated into pBBRIMCS digested with Sa/I and SstI, and the
ligation mixture was transformed into E. coli DH5a. Transformants were se-
lected on LB agar containing X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopy-
ranoside) and chloramphenicol; pCFLP contained the cfl::uidA fusion in the
transcriptionally active orientation. In another experiment, the uid4 gene was
excised from pHLP3 with PstI and SstI and directionally cloned into the poly-
linker site of pBBRIMCS to create pBBR.Gus.



6254 PENALOZA-VAZQUEZ AND BENDER

J. BACTERIOL.

TABLE 1. Bacterial strains and plasmids

Strain or plasmid

Relevant characteristics

Reference or source

E. coli DH5« 39

P. syringae pv. glycinea
PG4180.N9 COR™; Km" 44
PG4180.P2 COR"; corR::Gm" 35

Plasmids
pAP06.415 Ap" Tc"; contains corR; chimeric plasmid constructed from pAP06 and pRK415; 17.7 kb 35
pAP06.AC Ap" Tc'; a 242-bp deletion was introduced into the C terminus of corR; derived from pAP06.415 This study
pMAL-c2 Ap"; ColE1 origin, tac promoter, encodes malE and lacZa; contains factor X, cleavage site New England Biolabs
pRK415 Tc"; RK2-derived cloning vector 18
pBluescript SK(+) Ap'; ColE1 origin, cloning vehicle Stratagene
pRGY60sd Sm" Sp"; contains promoterless uidA with start codon and Shine-Dalgarno sequence 46
pHLP1 Sm" Sp*; 0.46-kb Xbal-Pst1 fragment from pHLI1 in pRG960sd (Xbal-Pstl-uidA) 24
pHLP3 Sm" Sp*; 1.4-kb Sall-Pst] fragment from pHLI in pRG960sd 23
pBBRIMCS Cm'"; 4.7-kb broad-host-range cloning vector 20
pCFLP Cm’"; 8-kb promoter probe vector containing the cfl promoter as a PstI-Sall fragment and the uidA This study

gene from pHLP3 in pBBRIMCS

pCFLPA433 Cm'"; derivative of pCFLP containing a 433-bp deletion from the 5" end (Sall site) of the c¢fl promoter ~ This study
pCFLPA726 Cm’"; derivative of pCFLP containing a 726-bp deletion from the 5’ end (Sall site) of the c¢fl promoter  This study
pBBR.Gus Cm'; 6.6-kb promoter probe vector containing the uidA gene from pHLP3 in pPBBRIMCS This study
pAPXS9 Ap"; 950-bp Xbal-Sall fragment from pHLP3 in pBluescript SK(+) This study
pAPSS27 Ap"; 278-bp Styl-Scal fragment from pAPXS9 in pBluescript SK(+) This study
pAPSB36 Ap"; 360-bp StyI-BsrBI fragment from pAPXS9 in pBluescript SK(+) This study

Deletion analysis. Exonuclease IIT (ExollI) was used to determine the mini-
mal size of the ¢fl promoter. pCFLP was digested with Sall and Sphl, which
generate Exolll-sensitive and Exolll-resistant sites, respectively. Staggered de-
letions in the cfl promoter region were generated using the protocols supplied
with the Erase-a-Base kit (Promega, Madison, Wis.). Transcriptional fusions
were then transformed into PG4180.N9 and assayed for glucuronidase activity as
described below.

Glucuronidase assays. Transcriptional activity was initially assayed by spotting
bacterial suspensions (44 of 0.1) onto mannitol-glutamate plates containing 20
ug of X-Gluc (5-bromo-4-chloro-indolyl glucuronide) per ml, followed by incu-
bation at 18°C for 2 to 3 days. Glucuronidase activity was quantified by fluoro-
metric analysis of cells grown for 48 h in 10 ml of Hoitink-Sinden medium
optimized for COR production (HSC) at 18°C (30, 31). Fluorescence was mon-
itored with a Fluoroscan II version 4.0 microplate reader (ICN Biomedicals, Inc.,
Costa Mesa, Calif.) in 96-well microtiter plates. Glucuronidase activity was ex-
pressed in units per milligram of protein, with 1 U being equivalent to 1 nmol of
methylumbelliferone formed per min. The values presented for glucuronidase
activity represent the average of two experiments with three replicates per ex-
periment.

Production and purification of fusion proteins. Overproduction of fusion
proteins was first evaluated in E. coli DH5a containing selected constructs. Cells
were grown at 37°C in Terrific Broth to an optical density at 600 nm (ODy) of
0.4 to 0.5, induced with 0.3 mM IPTG (isopropyl-B-p-thiogalactopyranoside),
and incubated an additional 3 h. Aliquots of cells (1 ml) were removed before
and after induction, pelleted by centrifugation, resuspended in lysis buffer (39),
and incubated on ice for 30 min. The cell suspension was then sonicated as
described previously (38) and centrifuged at 14,000 X g for 20 min at 4°C. The
pellet was discarded, and the supernatant (which contained the soluble fraction
of the crude extract) was analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) on a 12% polyacrylamide gel (39).

For routine analysis, fusion proteins were overproduced in P. syringae pv.
glycinea PG4180.N9 by growing the cells at 18°C in TB to an ODy of 0.4 to 0.5,
inducing them with 5.0 mM IPTG, and incubating them an additional 6 h.
Aliquots of cells (1 ml) were removed before and after the induction period, and
total cellular proteins were analyzed as described above. Fusion proteins were
purified from P. syringae by pelleting 100 ml of IPTG-induced cells, suspending
them in 8 ml of lysis buffer, and then incubating them on ice for 30 min. The
soluble fraction of the crude cellular extract was recovered as described above
and applied to the amylose resin as described previously (38).

Maltose binding protein (MBP)-CorR fusion proteins used in gel retardation
and DNase I footprinting analyses were isolated from PG4180.N9 cells (30 ml)
grown as described above but for 15 h after induction with 5.0 mM IPTG.
Subsequent steps were performed at 0 to 4°C in TEDG buffer (50 mM Tris [pH
7.5], 0.5 mM EDTA, 2 mM dithiothreitol, 10% [wt/vol] glycerol). Cells were
harvested by centrifugation (5,000 X g, 1 min), supernatants were discarded, and
cells were washed in 20 ml of TEDG buffer and collected by centrifugation. Cells
were then resuspended in 10 ml of TEDG and lysed by sonication. Lysates were
centrifuged at 23,000 X g for 10 min at 4°C; supernatants were then collected and
transferred into a clean centrifuge tube to which amylose resin (50 wl) was added.

The mixture was then centrifuged for 10 s, and the supernatant was discarded.
The resin was washed with 1 ml of column buffer (20 mM Tris-HCI, 0.2 M NaCl,
1 mM EDTA, 10 mM mercaptoethanol, and 1 mM sodium azide), and centri-
fuged for 10 s. Then, 100 pl of 10 mM maltose was added to elute the fusion
protein, and the reaction mixture was centrifuged for 10 s. The supernatant was
used in all subsequent assays.

The concentration of MBP-CorR was evaluated by loading different volumes
of the fusion protein to a polyacrylamide gel containing known amounts of
bovine serum albumin. The gel was analyzed, and MBP-CorR concentrations
were determined by using the Bio-Rad PhosphorImager system, the GS-700
densitometer, and the Molecular Analyst software (version 2.1).

Gel shift assays. To facilitate end labeling with [a-*>P]JdATP, DNA fragments
used for gel retardation were subcloned into pBluescript SK(+) and excised with
enzymes which generate 5’ overhanging ends. DNA fragments were then sepa-
rated from vector DNA on 5% polyacrylamide gels and end labeled with [a->?P]
dATP (39).

Gel retardation assays were performed by incubating 20 nM purified fusion
protein with 2,000 cpm of end-labeled probe in binding buffer containing 10 mM
Tris-HCI (pH 7.5), 10 mM KCI, 1 mM EDTA (pH 8.0), 1 mM dithiothreitol, 10%
glycerol, and 1 pg of poly(dI-dC). After 20 min on ice, 2 pl of loading buffer
(binding buffer supplemented with 0.4% bromophenol blue and 1% glycerol) was
added, and the samples were loaded onto a 5% polyacrylamide gel. After elec-
trophoresis, the gels were either dried and autoradiographed or scanned with a
Bio-Rad GS-525 Molecular Imager.

DNase I footprinting. Footprinting was carried out on both strands of a DNA
fragment containing a 360-bp fragment isolated from the cfl upstream region.
pHLP3 was digested with Xbal and Sall, and the 950-bp fragment was subcloned
in pBluescript SK(+) to generate pAPXS9. Plasmid pAPXS9 was then digested
with Styl and Sall, and the 778-bp fragment containing the coding strand was
isolated by electrophoresis (5% polyacrylamide) and electroelution. This frag-
ment was then digested with BsrBI, and the 360-bp Styl/BsrBI fragment was
cloned into the Smal site of pBluescript SK(+), resulting in pAPSB36. Plasmid
pAPSB36 was then digested with BamHI and EcoRI (sites flanking Smal in
pBluescript), and the 381-bp BamHI/EcoRI fragment was isolated as described
above. Both the coding and noncoding fragments (1 ug each) were end labeled
with [a-*P]dCTP and [a-**P]dGTP (for coding strand) and [a-**P]dATP (for
noncoding strand) with Klenow polymerase. Reactions were incubated at 37°C
for 30 min, and unincorporated deoxynucleoside triphosphates were removed by
chromatography through Sephadex G-50 columns (39).

For DNase I footprinting experiments, the procedure of Leblanc and Moss
(21) was used. Labeled DNA fragments (ca. 300,000 cpm) were incubated for 30
to 40 min on ice with various amounts of MBP-CorR, binding buffer (21), and 1
ug of poly(dI-dC) in a final volume of 10 pl. After the binding reaction, 75 U of
RNase-free DNase I (Gibco BRL) was added to the mixture, and the reaction
proceeded for 1 min at room temperature (25°C). The reaction was then termi-
nated by the addition of 5 pl of loading buffer (7 M urea, 0.05% xylene cyanol,
and 0.05% bromophenol blue). Samples were heated to 100°C briefly and then
loaded (15,000 cpm/lane) onto 8% polyacrylamide gels.

A G+A sequencing ladder was prepared by cleaving end-labeled DNA
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FIG. 2. SDS-PAGE analysis of P. syringae pv. glycinea PG4180.N9 containing
pAP06.415 and pAP06.AC. Lanes 1, 2, 4, and 5 show total cellular proteins
from the following strains: lane 1, PG4180.N9(pAP06.415), uninduced; lane
2, PG4180.N9(pAP06.415), induced with IPTG; lane 4, PG4180.N9(pAP06.AC),
uninduced; and lane 5, PG4180.N9(pAP06.AC), induced with IPTG. Lanes 3 and
6 show the MBP-CorR and MBP-CorRAC fusions which were isolated from
induced cells of PG4180.N9(pAP06.415) and PG4180.N9(pAP06.AC), respec-
tively, and were purified by affinity chromatography on amylose resin. The mi-
gration of the molecular weight markers is shown on the left; numbers indicate
the molecular mass in kilodaltons.

(300,000 cpm) with 1 M pyridine formate (pH 2.0). The ladder was prepared as
described previously (21), and the cleaved DNA (15,000 cpm/lane) was loaded
onto the gel used for DNase I footprinting.

Analysis of the C-terminal region of CorR. The corR mutant PG4180.P2
contains a gentamicin resistance (Gm") cassette cloned into the BamHI site of
corR (35). Insertion of the Gm" cassette at this position disrupts the HTH motif
at the C terminus of CorR. Our previous analysis indicated that PG4180.P2 was
totally defective in the biosynthesis of COR, indicating that the carboxyl terminus
of CorR is required for functional activity. The importance of the C-terminal
region of CorR was investigated in the present study by constructing a mutant fu-
sion protein designated MBP::CorRAC. The truncated version of CorR was con-
structed by digesting pAP06.415 with BamHI, excising the fragment which con-
tains the C-terminal region, and religating this construct to produce pAP06.AC
(Fig. 1B). This construct was used to investigate the role of the C-terminal
portion of CorR in transcriptional activation and DNA binding.

Detection of COR. P. syringae strains were grown at 18°C in HSC medium, and
supernatants were analyzed for COR production by high-pressure liquid chro-
matography 7 days after inoculation (30). When the objective was to determine
the effect of a selected fusion protein on COR production, cells were induced
with 5 mM IPTG 24 h after inoculation into HSC medium. Each strain was
inoculated to three replicate aliquots (10 ml) of HSC medium for evaluation of
COR production, and each experiment was repeated.

RESULTS

CorR is a positive regulator of COR gene expression. We
previously showed that the fac promoter and the lac repressor
(encoded by lacI?) could be used in P. syringae for the control-
lable production of translational fusions to MBP (35). The
construction of pAP06.415, a chimeric plasmid consisting of
pRK415 and a malE-corR fusion in pMal-c2, was described
previously (35). When PG4180.N9(pAP06.415) cells were in-
duced with IPTG, a 64-kDa protein was observed which cor-
responds to the predicted size of a fusion protein consisting of
MBP (42.7 kDa) and CorR (21.5 kDa) (Fig. 2, lane 2). Fur-
thermore, this fusion protein could be partially purified from
PG4180.N9 by affinity chromatography on an amylose column
(Fig. 2, lane 3).

To assess the function of the MBP-CorR fusion in vivo, we
investigated whether pAP06.415 could restore COR produc-
tion to PG4180.P2, a corR mutant completely defective in
COR production (35). PG4180.P2(pAP06.415) cells produced
31 mg of COR/g of protein, a level comparable to the COR-
producing PG4180.N9, indicating that the MBP-CorR fusion
was fully functional in vivo (Fig. 3A). We also investigated
whether the overproduction of MBP-CorR in PG4180.N9
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could increase COR production; PG4180.N9(pAP06.415) cells
induced with IPTG produced 58.9 mg of COR/g of protein, a
quantity significantly higher (P = 0.05) than the amount pro-
duced by the wild-type PG4180.N9 (Fig. 3A).

These results suggested that CorR might function as a pos-
itive regulator of COR gene expression. This hypothesis was
investigated by overproducing MBP-CorR in PG4180.P2 and
PG4180.N9 containing pHLP3; the construct pHLP3 contains
the cfl promoter fused to a promoterless glucuronidase gene
(uidA) (23). When induced with IPTG, PG4180.P2(pAP06.415,
pHLP3) produced 213 U of glucuronidase/mg of protein, a lev-
el approximately fivefold higher than for PG4180.P2(pHLP3)
(Fig. 3B). Furthermore, overproduction of MBP-CorR in
PG4180.N9(pHLP3, pAP06.415) resulted in 395 U of glucu-
ronidase/mg of protein, a level significantly higher than glucu-
ronidase activity in PG4180.N9(pHLP3) (Fig. 3B). These re-
sults confirmed the role of CorR as a positive activator of the
cfl transcript.

Analysis of the ¢fl promoter region. Previous work indicated
that a 311-bp region upstream of the c¢fl transcriptional start site
contained promoter activity (24). This was shown with pHLP1
(Fig. 1C), a construct containing the 311-bp region upstream of
the promoterless uidA gene in pRG960sd. In a subsequent
study, Liyanage et al. (23) showed that PG4180(pHLP3) pro-
duced approximately 30 times more glucuronidase than PG4180
(pHLP1) (Fig. 1C). Since pHLP3 contained an additional 950
bp that are not present in pHLP1 (Fig. 1C), this result indi-
cated that additional DNA upstream of the Xbal site was
needed for a full level of transcriptional activation.

One explanation for the differential level of transcriptional
activation between pHLP1 and pHLP3 was the possible occur-
rence of a CorR-binding site in pHLP3 which was absent in
pHLP1. Therefore, we initially examined two fragments for
their ability to bind purified MBP-CorR. These were the 460-
bp PstI-Xbal fragment contained in pHLP1 and the 950-bp
Xbal-Sall fragment contained in pHLP3. When the 460-bp
Pst1-Xbal fragment was used as target DNA, no gel retardation
was observed regardless of the amount of MBP-CorR utilized
(data not shown). In contrast, migration of the 950-bp Xbal-
Sall fragment was retarded when incubated with 150 and 200
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FIG. 3. Effect of genetic background on COR production (A) and the tran-
scriptional activity of the cfl::uidA transcriptional fusion contained in pHLP3 (B).
Abbreviations: P2, PG4180.P2, a corR mutant of P. syringae pv. glycinea; N9,
PG4180.N9, a COR-producing strain of P. syringae pv. glycinea. MBP-CorR was
overproduced by introducing pAP06.415 and adding 5 mM IPTG as described in
the text.
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FIG. 4. (A) Competition assays with the MBP-CorR fusion and the 278-bp StyI-Scal fragment. Lanes 1 and 8 show approximately 20 ng of end-labeled target DNA
(278-bp StyI-Scal fragment) and 0 ng of MBP-CorR. Lanes 2 to 7 contain the target DNA fragment and 40 ng of purified MBP-CorR. Specific inhibition of binding
was investigated by adding the following amounts of unlabeled target fragment: lane 2, 0 ng; lane 3, 1 ng; and lane 4, 20 ng. The addition of the nonspecific competitor
poly(dI-dC) is shown in lanes 5 to 7, which contain 0, 50, and 100 ng of poly(dI-dC), respectively. (B) Competition assays with MBP-CorRAC fusions and the 278-bp
Styl-Sacl fragment. Lanes 1 to 3 contain 20 ng of target DNA and 40 ng of MBP-CorRAC, as well as 0, 100, and 250 ng of poly(dI-dC), respectively. Lane 4 contains
20 ng of end-labeled target DNA (278-bp StyI-Scal fragment) and 0 ng of MBP-CorRAC.

ng of MBP-CorR (data not shown). The specificity of complex
formation between MBP-CorR and the 950-bp Xbal-Sall frag-
ment was investigated by adding increasing amounts of the un-
labeled Xbal-Sall fragment to the reaction mixture. When cold
fragment was added as a competitor in amounts of 125 ng or
higher, binding was either significantly reduced or completely
abolished. In comparison, when poly(dI-dC) was added to the
reaction mixture, binding was either not affected or was reduced
only slightly (data not shown). These results indicate that
MBP-CorR specifically binds the 950-bp Xbal-Sall fragment.

To determine the minimum sequence necessary for cfl ex-
pression and MBP-CorR binding, we constructed a series
of deletions from the 5’ (Sall) end of the ¢fl upstream DNA. A
new construct, pCFLP (Fig. 1C), was designed for this purpose
since the pPBBRIMCS polylinker in pCFLP was more ame-
nable to deletion analysis than was the multicloning site in
pRGY60sd, the vector used for construction of pHLP3. Al-
though pCFLP and pHLP3 contain the same cfl::uidA fusion,
pCFLP was 21 times more active when assayed for glucuron-
idase activity (Fig. 1C); this discrepancy is most likely due to
the higher copy number of pBBRIMCS. Two deletion deriv-
atives of pCFLP, pCFLPA433 and pCFLPA726, proved useful
for delineating the cfl promoter region; sequence analysis in-
dicated that these two constructs lacked 433 and 726 bp of
DNA downstream of the Sall site, respectively. PG4180.N9
(pCFLPA433) (Fig. 1C) retained the full level of glucuronidase
activity exhibited by PG4180.N9(pCFLP), suggesting that a 433-
bp region downstream of the Sall site was dispensable for pro-
moter activity. However, glucuronidase activity in PG4180.N9
(pCFLPA726) was 43-fold lower than in PG4180.N9(pCFLPA
433), demonstrating that deletion of an additional 293 bp from
the 5’ end of pCFLPA433 virtually eliminated c¢fl promoter ac-
tivity (Fig. 1C).

Gel retardation assays. The results described above suggest-
ed that the 278-bp region located between the Styl and Scal
sites in the cfl promoter might bind MBP-CorR. This fragment
was isolated from pAPSS27, and competition assays were con-
ducted with MBP-CorR, the unlabeled StyI-Scal fragment, and
poly(dI-dC). When MBP-CorR was omitted from the reaction,
no gel retardation was observed (Fig. 4A, lanes 1 and 8). Gel
retardation was observed when MBP-CorR was incubated with
the labeled StyI-Scal fragment (Fig. 4A, lane 2). Although
migration was not inhibited when 1 ng of cold, unlabeled frag-
ment was added to the reaction mixture (Fig. 4A, lane 3), com-
plete inhibition was observed with 20 ng of the unlabeled StyI-
Scal fragment (Fig. 4A, lane 4). The addition of 0, 50, and 100
ng of poly(dI-dC), which was used as a nonspecific competitor,
did not inhibit gel retardation (Fig. 4A, lanes 5 to 7). These
results indicated that the 278-bp StyI-Scal fragment specifically
binds MBP-CorR.

DNase I protection assays. DNase I footprint experiments
were performed to establish the precise location of the CorR-
binding site within the cfl promoter. The StyI-BsrBI fragment
contained in plasmid pAPSB36 was used to examine the upper
and lower strands of the c¢fl promoter, respectively. Compari-
son of the sequence patterns produced in the absence or pres-
ence of MBP-CorR demonstrated protected regions of 54 bp
on both the top and bottom strands (Fig. 5). The binding sites
extended from position —704 to —650 on the top strand and
from position —650 to —704 on the bottom strand relative to
the cfl transcriptional start site (Fig. 5). These results were
reproduced in several different gels, indicating a fairly large
region of protection on both strands.

Role of the C-terminal region of CorR in DNA binding.
DH5a(pAP06.AC) cells induced with IPTG produced a 55-
kDa fusion protein, which is consistent with the deletion of
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FIG. 5. DNase I footprinting of the cfl promoter region contained in the
360-bp StyI-BsrBI fragment with the MBP-CorR fusion protein. DNase I pro-
tection assays of the upper strand (A) and lower strand (B) were carried out as
described in Materials and Methods. Lanes: 1, G+A sequencing ladder; 2,
DNase I only; 3, DNase I plus 20 nM MBP-CorR; 4, DNase I plus 40 nM
MBP-CorR; and 5, DNase I plus 80 nM MBP-CorR.

approximately 8.8 kDa from the C terminus of CorR (data not
shown). Introduction of this construct into PG4180.N9 and
induction with IPTG produced similar results; a 55-kDa fusion
protein was produced in the induced cells (Fig. 2, lane 5) and
could be purified on amylose resin (Fig. 2, lane 6).

The StyI-Scal fragment obtained from pAPSS27 was used to
investigate the DNA binding ability of an MBP fusion lacking
the carboxyl terminus of CorR (MBP-CorRAC). In this exper-
iment, some retardation was observed when MBP-CorRAC

Scal
i
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was incubated with the labeled DNA fragment (Fig. 4B, lane
1). However, this interaction was shown to be weak since the
addition of poly(dI-dC) completely inhibited gel retardation
(Fig. 4B, lanes 3 and 4). These results suggest that the C-ter-
minal portion of CorR is required for specific binding to the cf!
upstream region.

DISCUSSION

CorR was previously shown to be required for transcription
of the cfl/CFA operon (23). Furthermore, the relatedness of
CorR to response regulators in the ROy, group suggested that
CorR might function as a positive activator of COR gene ex-
pression and bind to the c¢fl promoter region. The experiments
described here confirmed these hypotheses and demonstrated
the DNA-binding ability of CorR and the specific region bound
by CorR in the ¢fl upstream region.

Numerous reports exist where MBP translational fusions
have been used to investigate the DNA binding function of
regulatory proteins (5, 10, 22). Translational fusions to MBP
often increase the solubility of regulatory proteins and have
little or no effect on protein function in vivo (6, 10, 11, 22). In
the present study, the production of COR and the transcrip-
tional activation of cfl were restored to the corR mutant
PG4180.P2 by pAP06.415, a construct containing a malE-corR
translational fusion. Since the fusion protein was active in vivo,
MBP-CorR was used to facilitate purification of CorR for
subsequent DNA binding studies.

The area protected by MBP-CorR was located at position
—704 to —650 with respect to the ¢ff transcriptional start site.
Other regulatory proteins have been shown to bind regions far
upstream relative to the start point for transcription (13, 16, 28,
37). In several of these interactions, DNA bending is thought
to occur, and this may facilitate interaction between the regu-
latory protein and RNA polymerase at the transcriptional start
site (9, 13). Several accessory elements are known to induce
DNA bending, including the cyclic AMP receptor protein and
histone-like proteins, such as integration host factor (36).
The nucleotide sequence of the region bound by MBP-CorR
showed no evidence that specific DNA bending proteins were
involved. However, this region did contain two poly(A) tracts
at positions —684 to —679 and positions —552 to —548 (Fig.
6). Deoxyadenylate tracts are known to introduce curvature
into DNA sequences and may facilitate the interaction be-
tween regulatory proteins and the RNA polymerase complex
(12, 41). It is also important to note that the A+T content in

ATCGAGTACTACCTTGAAACCTATAACCAGAATCCGAAGCCATTTCGCTGGCACARRNARGCGGACGAGATTCTGGGTTCCETTGCTCGCGCAGCARAAGCATTGGGCARGTAGTTTTAT ~619

GCGTTTCTTGTGAAACGCCACACTAGGGTCTGTACGAAAAGTCGGCGAGCGAAGGTCAGACAAGGT!

StyI
3

ACATGCCAGGAAGCGGAGTCTACGTGTTGTAAATGAGCATTCTGAGCCTG -499

TCTTTTACTCAGCATCACCGACGGCACCGACTTTACTGACAGAGCCTAGGGAGCTTTTGGTCAAAATGGACTATGGGCGCTCAAGT TACGCCTTTAAGGTAGGTTCGTGGTTTAGCGTGG 379

Xbal
!

GCTACCTCCCTGAACGAGCAGATAGTTTGCGTCCCGATGATAATACTTTGGCGAAGGTTACCCTCATTGCGATCAGTCATTCAGCGTTACAGAACCGTTCTAGAAAACGGCTTTGCAGGT -259

ACCTTAATCAACTACCCCTTCCCCATAGGCTTCAGACTTGTCCGCCTCGGGCAGCGTCAATGAACCCGCCGCTTCCGCAGCARCGCCTTGCGCTCCGACACCATGCGCTGCTCGCGTACT ~139

GTGGCCCTCCCGACACCAAGCATTAGCGGACCGGCTACGTCTGTTACGACGGCCTCCCGTACGGAGGCCCTTGAATACGGTCCTGCT TAGGGACGCAGTTTCACGACACGCCTCGTATTT ~19

v M §s L I $8S E F R S V V A Q Q P D
TTCCATCTGCACGCCGGTGCAAAAAAAGGTTATCTAGCATGAGTCTGATTTCTGAGTTCCGCAGCGTCGTCGCCCAACAGCCGGAT +68

FIG. 6. Sequence of the cfl upstream region (GenBank accession number U09027). Underscored bases represent the nucleotides protected by DNase I. Shaded
regions indicate poly(A) tracts; the inverted triangle shows the transcriptional start site for ¢fl. Numbers on the right represent the nucleotide position relative to the

cfl transcriptional start site.
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cmah
cfl

CGAGGECATITTTCAGEGTCCEGTGGGARATGACGAAGATATCTECGACCTGECTEECAA
CGAAGCCATTT-—-—— CGCTGGCACAAAARRGCGGACGAGATTCIGGGTTCCGITHETCG

J. BACTERIOL.

-698
-650

FIG. 7. Alignment of the ¢fl upstream region protected by DNase I with the cmaA promoter-regulatory region. Shaded bases indicate regions of nucleotide identity;
dashes were inserted to maximize the alignment. Numbers on the right indicate the nucleotide position relative to the transcriptional start sites for cmaAd (upper

sequence) and cfl (lower sequence).

the region protected by MBP-CorR was 50%), a figure substan-
tially higher than the 37% A+T in the cfl coding region. The
high percentage of A+T in the protected region may facilitate
transcriptional activation and DNA bending, a hypothesis sug-
gested for A+T-rich regions bound by other transcriptional
activators (8, 25).

Many response regulators in the two-component paradigm
contain two distinct regions, a receiver domain containing con-
served aspartyl and lysine residues and an output domain con-
taining an HTH motif (33). PG4180.P2 contains a Gm" cassette
within corR in a location which disrupts the output domain
of the translational product. Although PG4180.P2 was com-
pletely defective in COR production, transcriptional activity in
PG4180.P2(pHLP3) was not completely abolished (Fig. 3B).
These results indicate that the receiver domain is still func-
tional and that some transcriptional activation can occur in the
absence of the output domain. A deletion derivative of CorR,
MBP-CorRAC, was overproduced and was used in gel retar-
dation studies; these experiments showed that removal of the
predicted output domain of CorR reduced specific binding to
the cfl promoter. The C-terminal region of CorR contains a
well-defined HTH domain that may be responsible for specific
binding to thermosensitive promoters in the COR gene cluster.
The present study did not address whether the HTH motif in
CorR functions as part of a larger DNA-binding domain as it
does in some response regulators (5, 29).

The cmaA promoter, which transcribes the structural genes
for CMA biosynthesis (43), also requires corR for functional
activity (45). Progressive subcloning in pRG960sd indicated
that a 265-bp region located at positions —721 to —456 with
respect to the cmaA transcriptional start site was required for
cmaA transcriptional activity (43). When the cfl upstream re-
gion protected by DNase I was aligned with the 5" end of the
cmaA promoter (43), a 40% identity was observed over a 60-bp
region (Fig. 7). The high percentage similarity between the two
promoter regions and the conserved location with respect to
the transcriptional start sites suggest that CorR may bind to
this region in the cmaA promoter. This hypothesis is currently
being investigated and will provide further insight into the reg-
ulation of thermosensitive transcripts in the COR gene cluster.

In many instances, phosphorylated response regulators bind
more efficiently to their target sequences than does the non-
phosphorylated form (2, 40, 47). However, nonphosphorylated
regulators often retain some level of DNA binding ability (5,
15, 42). The phosphorylation state of MBP-CorR was not in-
vestigated in the present study; however, the fusion was puri-
fied from PG4180.N9, which contains a functional copy of the
cognate histidine protein kinase, CorS. We are currently inves-
tigating whether autophosphorylation of CorS and subsequent
phosphotransfer to CorP and CorR is correlated with COR
gene induction.
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