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CsgD, the master regulator of biofilm formation, activates the synthesis of curli fimbriae and extracellular
polysaccharides in Escherichia coli. To obtain insights into its regulatory role, we have identified a total of 20
novel regulation target genes on the E. coli genome by using chromatin immunoprecipitation (ChIP)-on-chip
analysis with a high-density DNA microarray. By DNase I footprinting, the consensus CsgD-binding sequence
predicted from a total of 18 target sites was found to include AAAAGNG(N,)AAAWW. After a promoter-lacZ
fusion assay, the CsgD targets were classified into two groups: group I genes, such as fliE and yhbT, are
repressed by CsgD, while group II genes, including yccT and adrA, are activated by CsgD. The fliE and fliEFGH
operons for flagellum formation are directly repressed by CsgD, while CsgD activates the adrA gene, which
encodes an enzyme for synthesis of cyclic di-GMP, a bacterial second messenger, which in turn inhibits
flagellum production and rotation. Taking these findings together, we propose that the cell motility for
planktonic growth is repressed by CsgD, thereby promoting the switch to biofilm formation.

When Escherichia coli cells switch their growth mode from
single planktonic cell growth to biofilm mode, flagellum for-
mation is turned off, and in turn the production of curli fim-
briae and extracellular polysaccharides for cell-cell adhesion is
switched on (4, 13). In E. coli, motility for planktonic growth is
under the positive control of a regulatory forward cascade,
including the master regulator FIhDC and RpoF sigma factor
(15, 48). In contrast, biofilm formation is under positive control
of another regulatory cascade, including the master regulator
CsgD and RpoS-RpoE sigma factors (5, 16, 19).

The FixJ/LuxR family protein CsgD is a key regulator for
curli production, and it modulates the expression of not only
the csg operon, encoding components and assembly of curli
(22), but also a set of genes for adaptation of cell physiology to
the biofilm lifestyle (9, 14), including adrA4, which encodes the
enzyme for synthesis of cyclic di-GMP, a bacterial second mes-
senger (46) for enhancement of cellulose production (38, 57).
c-di-GMP induces biofilm formation and inhibits flagellum
production and rotation (1, 7, 52). The expression of curli is
cryptic in laboratory E. coli strains due to the lack of CsgD
expression, but an ompR mutation restores CsgD expression
(41). By using this ompR234 mutant for expression of CsgD,
Brombacher et al. (9) performed transcriptome analysis and
predicted a set of regulation targets of CsgD, including csgB
and adrA (yaiC). Recently, Zakikhany et al. (56) reported
experimental evidence of CsgD binding to promoters of the
hitherto-predicted CsgD targets csgBA and adrA in Salmonella
enterica serovar Typhimurium, and they predicted another six
possible target genes on the Salmonella genome based on
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knowledge of the CsgD recognition sequence on the two pro-
moters. In good agreement with the master regulator function
of CsgD, transcription of csgD is under the control of more
than 10 transcription factors, each monitoring a specific and
different factor or condition in the environment (24, 36, 37).
After analysis of the regulatory modes of these transcription
factors, we noticed a unique interplay, i.e., collaboration be-
tween positive factors and negative factors (37). As an exten-
sion of this line of research, we analyzed in this study the
regulation network downstream of CsgD.

In order to obtain insights into the regulatory roles of CsgD
as the master regulator of biofilm formation in E. coli, it is
essential to identify the whole set of regulation target genes
and operons on the E. coli genome under the direct control of
CsgD. For the purpose of identification of regulation targets by
a transcription factor, transcriptome analysis of genes affected
after disruption of the gene coding for the test transcription
factor is a widely used method, but the majority of genes thus
detected represent those affected indirectly (24). A total of
approximately 300 species of transcription factors in E. coli
form complex hierarchic networks of regulation, and thus
knockout of a gene for one specific transcription factor indi-
rectly influences a large number of genes. To overcome this
problem and identify the genes under the direct control of a
test regulator, we have developed the genomic SELEX screen-
ing system for search of the recognition and binding sequences
by use of a test transcription factor (43), and we have success-
fully employed this system for identification of whole sets of
regulation targets by a number of transcription factors, such as
PdhR (35), RutR (YcdC) (44), and Dan (YgiP) (50). However,
this improved genomic SELEX system cannot be applied for a
regulator such as CsgD, which may require an as-yet-uniden-
tified effector for function. Thus, in this study, we performed a
ChIP-chip (ChIP and microarray) analysis using a high-density
microarray to identify the CsgD-associated sites on the E. coli
genome (17, 18, 45), and we identified more than 20 novel
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TABLE 1. E. coli strains used in this study

Strain Genotype Source
BL21(DE3) F~ ompT hsd(rg~ my~) dem gal(DE3) Studier and Moffatt (49)
MC4100 F~ A(argF-lac) U169 araD139 rpsL150 ptsF25 fibB5301 rbsR deoC relAl Casadaban (12)
BW25113 F~ lacl¥ rrmB3 lacZ4787 hsdR514 A(araBAD)567 A(rhaBAD)568 rph-1 Baba et al. (3)
JW1023 BW25113 AcsgD Baba et al. (3)
BWcsgD Km resistance marker of JW1023 eliminated with pCP20 This study
BWWFI1D BW25113 NesgD (F1)-lacZ This study
BWcsgDF1D BWecsgD \esgD (F1)-lacZ This study
BWWnlpA BW25113 NnlpA-lacZ This study
BWocsgDnlpA BWocsgD \nlpA-lacZ This study
BWWwrbA BW25113 MrbA-lacZ This study
BWcsgDwrbA BWcsgD A\wrbA-lacZ This study
BWWHIE BW25113 MiiE-lacZ This study
BWocsgDfliE BWocsgD MiiE-lacZ This study
BWWHIiF BW25113 MliF-lacZ This study
BWocsgDAliF BWocsgD MiiF-lacZ This study
BWWyccT BW25113 NyccT-lacZ This study
BWocsgDycecT BWcsgD NyccT-lacZ This study
BWWyhbT BW25113 NhbT-lacZ This study
BWcsgDyhbT BWcsgD NyhbT-lacZ This study
BWWadrA BW25113 \adrA-lacZ This study
BWocsgDadrA BWocsgD \asrA-lacZ This study

targets of regulation. Based on detailed analysis of some of the
novel targets, we propose dual roles for CsgD, i.e., promotion
of biofilm formation and inhibition of flagellum production.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Table 1 lists the strains used in this
study. Escherichia coli BL21(DE3) [F~ ompT hsd(rg~ mg~) dem gal N(DE3)]
(49) was used for expression and purification of all the transcription factors used
in this study. E. coli K-12 BW25113 and its otherwise-isogenic mutant strain
lacking CsgD were products of the Keio collection (3) and obtained from the
National Bio-Resource Center (National Institute of Genetics, Japan). E. coli
KP7600 (28), a derivative of wild-type W3110, was used for cloning the csgD
gene. E. coli MC4100 (12) was used for construction of the promoter-lacZ
reporter fusion vectors (see below). Cells were cultured in LB medium or
YESCA (yeast extract-Cosamino Acids) medium (40) at 28°C. When necessary,
100 pg/ml ampicillin and 50 pg/ml kanamycin were added to the medium.

Plasmid constructions. For the construction of lacZ reporter vectors, DNA
fragments, each containing the CsgD target promoter region, were prepared by
PCR using E. coli KP7600 genome DNA as a template and a pair of gene-specific
primers (see Table S1 in the supplemental material). After digestion with EcoRI
and BamHI, the PCR-amplified fragments were inserted into pRS551 (47) at the
corresponding sites to generate the promoter assay vectors.

For construction of an arabinose-inducible CsgD expression plasmid, a DNA
fragment containing the csgD coding sequence was prepared by PCR using E. coli
KP7600 genomic DNA as a template along with a pair of primers, csgD-BAD-
EcoRI-F and csgD-BAD-Xbal-R (see Table S1 in the supplemental material).
After digestion with EcoRI and Xbal, the PCR-amplified fragment was inserted
at the corresponding site of pPBAD18 (21) to generate the plasmid pBADcsgD.

For construction of the CsgD expression plasmid pCsgD for CsgD purification,
a DNA fragment corresponding to the csgD coding region was amplified by PCR
using E. coli KP7600 genome DNA as a template and a pair of primers, TF030S
(5'-TAACGTTTCAGCGGCCGCTCGCCTGAGGTT-3’) and TF030T (5'-GC
GGGGTTTCCATATGTTTAATGAAGTCCA-3'), and after digestion with
Ndel and Notl, cloned into pET21a(+) (Novagen) at the corresponding sites.

Expression and purification of CsgD protein. Construction of plasmid pCsgD
for expression of His-tagged CsgD was carried out as described previously (34,
35, 54). His-tagged CsgD was expressed in pCsgD-transformed E. coli
BL21(DE3) and affinity purified according to the standard purification proce-
dure (34, 35, 54).

ChIP-chip analysis. ChIP-chip analysis was employed to determine the chro-
mosome-wide DNA-binding profile of CsgD, using the standard assay system
developed by Grainger et al. (18). An arabinose-inducible CsgD expression
plasmid pBADcsgD was constructed according to the methods described by
Guzman et al. (21). E. coli BWcsgD transformed with either pBADcsgD or

reference vector pBAD18 was grown at 28°C in YESCA medium up to the
stationary phase (12 h). ChIP-chip analysis was performed as described previ-
ously (17, 18, 45). In brief, cells were treated with 1% formaldehyde for protein-
DNA cross-linking and then disrupted by sonication for preparation of cleared
lysates. CsgD cross-linked DNA fragments were immunoprecipitated from
cleared lysates by using anti-CsgD rabbit polyclonal antiserum. After dissociation
of protein-DNA cross-linking, DNA samples isolated from E. coli BWcsgD
(pBADcsgD) and E. coli BWesgD (pBAD18) were labeled with Cy5 and Cy3,
respectively, and subjected to DNA microarray analysis. The array consisted of
43,450 species of 60-mer oligonucleotide probe, which are designed to cover the
entire E. coli MG1655 genome at a 105-bp interval (Oxford Gene Technology,
Oxford, United Kingdom). The Cy5/Cy3 ratio was measured for each peak and
plotted against the corresponding position on the E. coli genome.

Polyclonal anti-CsgD antibody was produced in rabbits after injection of pu-
rified CsgD protein.

Measurement of promoter activity. The test promoter-lacZ fusion plasmid was
transformed into E. coli MC4100 (12), and the transformant was used as the host
for preparation of NRS45. The recombinant phage-containing promoter-lacZ
fusion was isolated from the resulting phage lysate and used to infect E. coli
BW25113 and E. coli BWcsgD for screening of kanamycin-resistant and Lac™*
colonies. Single-copy promoter-lacZ fusion strains were grown in YESCA me-
dium and subjected to B-galactosidase activity measurements with o-nitrophenyl-
B-p-galactopyranoside as described by Miller (30).

Gel shift assay of CsgD-DNA complexes. Probes, each carrying the csgD, wrbA,
nlpA, yccU-yccT, yhbT-yhbU, fiE-fliF, ydhO, or yaiC promoter region, were gen-
erated by PCR amplification by using a pair of primers (5’-fluorescein isothio-
cyanate [FITC]-labeled Lac30R-FITC and 551SQ-F), plasmids (pRScsgD,
pRSwrbA, pRSnlpA, pRSyccT, pRSyhbU, pRSfliF, pRSydhO, and pRSyaiC; 100
ng) as the templates, and Ex Tag DNA polymerase. For generation of the csgB
promoter probe, a pair of primers (5'-FITC-labeled csgB-FITC-R2A primer plus
csgB-S1F1), E. coli KP7600 genome DNA template (100 ng), and Ex Tag DNA
polymerase were used. Sequences of all the primers used are described in Table
S1 of the supplemental material. All the PCR products with FITC at their 5’
termini were purified by polyacrylamide gel electrophoresis and then used for a
gel shift assay performed under the standard conditions (34, 35).

For construction of ¢sgB promoter segment probes for determination of the
CsgD-binding activity of each CsgD box (see Fig. 7), the following primer pairs
and templates were used for PCR amplification: 5" deletion segments (set A in
Fig. 7), 551SQ-F plus lac30R-FITC primers and pRScsgBF1, -BF2, and -BF3
templates; 3’ deletion segments (set C in Fig. 7), csgB-FITC-R1, -R2, and -R3
plus csgB-S1F2A primers, and genome DNA template. Internal segment probes
(set B in Fig. 7) were prepared by hybridization of the following pairs: csgB-
FITC-R1 plus csgB-F1 Hybri; csgB-FITC-R2 plus csgB-F2 Hyrbi; and csgB-
FITC-R3 plus csgB-S1F2A (see Table S1 in the supplemental material for se-
quences).
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DNase I footprinting assay. A DNase I footprinting assay was carried out
under the standard reaction conditions (34, 35). In brief, 1.0 pmol each of
FITC-labeled probes was incubated at 37°C for 30 min with purified CsgD in 25
pl of 10 mM Tris-HCI (pH 7.8), 150 mM NaCl, 3 mM magnesium acetate, 5 mM
CaCl,, and 25 mg/ml bovine serum albumin (BSA). After incubation for 30 min,
DNA digestion was initiated by adding 5 ng DNase I (Takara). After digestion
for 30 s at 25°C, the reaction was terminated by the addition of 25 wl phenol.
DNA was precipitated from the aqueous layer by ethanol, dissolved in formam-
ide dye solution, and analyzed by electrophoresis on a 6% polyacrylamide gel
containing 8 M urea.

Primer extension analysis. Overnight cultures of E. coli were diluted 100-fold
in 30 ml of YESCA medium and incubated for 12 or 24 h at 28°C. RNA
purification was carried out as described previously (34, 35). Primer extension
analysis was performed using fluorescently labeled probes under the standard
reaction conditions (34, 53). In brief, 20 pg of total RNA and 1 pmol of 5'-
FITC-labeled primer (lac30R-FITC-R, 5'-AGGGTTTTCCCAGTCACGACGT
TGTAAAAC-3") were mixed in 20 pl of 10 mM Tris-HCI (pH 8.3 at 37°C), 50
mM KCl, 5 mM MgCl,, 1 mM (each) dATP, dTTP, dGTP, and dCTP, and 20 U
of RNase inhibitor. The primer extension reaction was initiated by the addition
of 5 U of avian myeloblastosis virus reverse transcriptase. After incubation for
1 h at 50°C, DNA was extracted with phenol, precipitated with ethanol, and
subjected to electrophoresis on a 6% polyacrylamide sequencing gel containing
8 M urea, using a DSQ-500L apparatus (Shimadzu) for direct detection of
fluorescence.

Western blotting assay. The intracellular concentration of CsgD was deter-
mined by a Western blotting assay under the standard conditions (26). In brief,
E. coli whole-cell lysates were prepared by sonication after lysozyme treatment
and directly subjected to SDS-PAGE. After transfer of proteins onto filters, the
protein-blotted filter was treated with anti-CsgD antibody, which was raised in
rabbits against purified CsgD. Antibodies were detected with fluorescently la-
beled mouse anti-rabbit IgG antibody.

RESULTS

Genome-wide search for CsgD-associated sites on the E. coli
genome. As an attempt to identify the regulation target genes or
operons of CsgD on the entire genome of E. coli, we performed
a ChIP-on-chip analysis (17, 18, 45) using the csgD deletion strain
transformed with an arabinose-inducible csgD-expressing plasmid
(pBADcsgD) or control plasmid (pBAD18). After induction of
CsgD expression by adding arabinose, cells were treated with
formaldehyde for protein-DNA cross-linking. CsgD-DNA com-
plexes were recovered from sonicated cell lysates with anti-CsgD
antibodies, and the precipitated DNA from CsgD-expressing cells
was labeled with Cy5, while DNA fragments isolated from CsgD-
lacking cell lysates were labeled with Cy3. Fluorescently labeled
DNA mixtures were hybridized to a high-density microarray.
Peaks showing high Cy5/Cy3 levels represented the locations
where CsgD was associated under the culture conditions em-
ployed. For identification of specific positions of CsgD binding,
we first screened peaks, which exhibited a high fluorescence level
for two or more consecutive probes at the cutoff of 2. The center
of each peak was defined as the center of the probe within the
peak that had the highest Cy5/Cy3 signal. On the tiling array used,
60-nucleotide-long probes were aligned at 105-bp intervals on the
E. coli MG1655 genome sequence, and thus approximately 500-
bp-long ChIP fragments would bind to at least two or more
consecutive probes, and so we employed this criterion for identi-
fication of positive peaks. However, we detected several one-point
peaks, which may have mainly originated from a partial homology
of ChIP fragments with the tiling array probes.

A total of more than 20 positive peaks were identified (Fig.
1 and Table 2), of which seven (wrbA-ymdF, yccT-yccU, csgD-
csgB, ves, fliE-fliF, yhbT-yhbU, and nlpA-yicS) showed 2.8-fold
higher-than-background level. The total of 20 CsgD-binding
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FIG. 1. Maps of CsgD-binding sites on the E. coli genome. CsgD-
associated sites on the genome were identified by using the ChIP-chip
system (17, 18, 45). Peaks that were more than 2-fold higher than the
background are indicated by arrows. For group 1 targets CsgD-binding
sites are located within spacer regions, while CsgD-binding sites are
located on open reading frames for group 2 targets (for classifications,
see Table 2). Targets shown with blue and green backgrounds indicate
group 1A and group 1B, respectively. On the other hand, group 2
targets are shown with an orange background.

sites thus identified can be classified into two groups (Table 2;
possible targets are shown in light green in Fig. 1). Thirteen
group 1 CsgD-binding sites are located within spacer regions
between two neighboring genes, while the remaining six sites,
classified in group B, are located within open reading frames.
Among the 14 group A peaks identified within the spacer
regions, 8 were located between divergently transcribed oper-
ons, including the spacer between csgBAC and ¢sgDEFG for
curli formation. In prokaryotes, transcription factor-binding
sites are generally located upstream or near promoters of reg-
ulation target genes or operons, and therefore when possible
target genes would be located on both sides of the CsgD-
binding site, we estimated that only one could be the target. In
rare cases, however, the spacer-bound transcription factors
regulate both of the divergent promoters on the E. coli genome
(24; T. Shimada, K. Yamamoto, and A. Ishihama, submitted
for publication). The remaining five CsgD-binding sites in
group 1A are located upstream of one operon but downstream
of another operon. In these cases, the gene or operon located
downstream of the CsgD-binding site may be the regulation
target with the highest possibility. The regulation targets for
the CsgD-binding sites include genes for transporters (entS,
focA, yojl, and fepD) and for lipid carrier and membrane lipo-
proteins (yhbT, nipA, and ydhO). Transcriptome analysis in the
presence of overexpressed CsgD indicated that the iron-sensing
proteins FecR and FhuE are under the control of CsgD (10).
Likewise, the fepDGC operon, encoding iron-enterobactin trans-
porters, was predicted to be regulated by CsgD (Table 2).

At least seven CsgD-binding sites, classified in group 2, are
located within open reading frames (Table 2). In E. coli, tran-
scription factor-binding sites are sometimes located within
open reading frames of upstream genes. Thus, the yfgG and
ygel operons could be regulation targets of CsgD. It is note-
worthy that YgcI (CasD) is a component of the CRISPR (clus-
ters of regularly interspersed short palindromic repeats) com-
plex, which is involved in defensive digestion of harmful
foreign DNA, including viral DNA (11).
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TABLE 2. CsgD target genes identified with the ChIP-chip system”

Gene group and

Spacer or

map coordinate Gene function Gene ORF Gene Gene function
Group 1A
12.24 emrE> >ybcK DPLI12 prophage recombinase
20.54 Formate transporter focA< <ycaO
49.68 ABC superfamily multidrug tranporter yojl< <alkB
57.93 TCS sensor kinase yfhK< <glmY
71.21 ATP-dependent RNA helicase deaD< <nlpl
Group 1B
13.39 Iron-enterobactin transporter feprD< >entS Predicted transporter
22.13 Conserved protein yeeT< >yecU Predicted coenzyme A-binding protein
22.99 NAD(P)H:quinone oxidoreductase wrbA< >ymdF Conserved protein
23.76 csg regulon regulator csgD< >csgB Curlin nucleator protein
43.34 Flagellum basal body component fiIE< >fliF Flagellum basal body MS ring protein
71.11 Predicted lipid carrier protein yhbT< >yhbU Predicted peptidase
72.89 Malate dehydrogenase mdh< >argR arg operon regulator
82.71 Cytoplasmic membrane lipoprotein 28 nlpA< >yicS Predicted protein
Group 2
37.34 Conserved protein gD< >ydhO >sodB Superoxide dismutase
39.28 cho> <ves <spy
56.57 ppx> <yfgF >yfeG Predicted protein
81.13 rhaA> >yibA >yibJ Predicted Rhs family protein
60.67 Conserved inner membrane protein yqaA< <yqaB <raQ
62.03 Predicted protein ygel< <ygeJ ygcK
71.51 argG> <yhbX <leuU

¢ CsgD-binding sites identified by ChIP-chip analysis are located either within spacer regions (group 1) or on open reading frames of the genes shown (group 2). The
genes with functions reported represent the regulation targets of CsgD that were predicted based on the criterion that the CsgD-binding sites are located upstream of
the respective open reading frames. Regulation of some targets was confirmed in vivo in a csgD-lacZ reporter assay (for details, see the text).

Identification of CsgD-binding site on the predicted target
promoters. For detailed analysis of the regulatory roles of
CsgD, we focused on six targets: two targets, fliE-fliF and
csgD-csgB, related to two typical bacterial habitats, i.e., plank-
tonic growth and biofilm formation; two targets, yccT-yccU and
wrbA-ymdF, related to metabolism for energy production; and
two targets, yhbT-yhbU and nlpA-yicS, related to membrane
functions (Table 2). Except for the csgDEFG and csgBAC
operons, the participation of CsgD in transcription regulation
has not been identified for the other six operons, fliE (encoding
the flagellum basal body protein), fliIFGHIJK (encoding flagel-
lum components and assembly proteins), yccT, yccU, wrbA-
yee, and ymdF. In addition, we also analyzed cho-ves-spy, a
representative target for CsgD binding on an open reading
frame (Table 2). The sequences included in these segments are
illustrated in Fig. S1 of the supplemental material.

First we determined the CsgD-binding sequences within
DNA fragments containing these promoters by DNase I foot-
printing. CsgD binding was detected for all six spacer regions,
csgD-csgB, fliE-fliF, wrbA-ymdF, nlpA-yicS, yccU-yccT, and
yhbT-yhbU (Fig. 2). Under the same reaction conditions, we
also examined CsgD binding to the adrA4 (renamed from yaiC)
promoter, the second known target besides csgBAC (Fig. 2).
For two promoters, yaiC and yccT, a single CsgD-binding site
was detected, while multiple CsgD-binding sites were identi-
fied for the other four promoters, nlpA, wrbA, yhbT, and fliF
(Fig. 3). Within the spacer between the ¢sgBAC and csgDEFG
operons, we identified a total of seven sites of CsgD binding
(Fig. 3). In the promoter-proximal region of the csgBAC
operon, four CsgD-binding sites (CsgD1, CsgD2, and CsgD3)
were identified between —21 and —87, and the CsgD4 site was

mapped between —327 and —356 relative to the csgB tran-
scription initiation site. On the promoter-proximal region of
the csgDEFG operon, four CsgD-binding sites were identified:
CsgD1-CsgD2 (+41 to +2), CsgD3 (—106 to —126), and
CsgD4 (—159 to —188) (Fig. 2 and Fig. 3). Deletion analysis
suggested that the three csgB promoter-proximal CsgD sites
participate in csgB control while the three csgD promoter-
proximal CsgD sites are involved in ¢sgD control (see below).
Among the seven CsgD-binding sites within the spacer be-
tween the csgDEFG and csgBAC operons, however, the role of
the CsgD-binding site in the center is not yet clear, and thus it
is tentatively referred to as CsgD4 on both the csgD and csgB
promoters (Fig. 3, bottom). The promoter-proximal CsgD1
(=20 to —34) on the csgB promoter overlaps with the CsgD-
binding site (—25 to —43) in Salmonella enterica (56).
Identification of the CsgD recognition sequence. After se-
quence logo analysis of the CsgD-binding sequences among a
total of 18 known and newly identified sites on eight target
genes, a consensus 14-bp-long sequence AAAAGNGNNA
AAWW (with W representing A/T) was identified (Fig. 4).
(The CsgD box sequence in each segment is shown in Fig. S1
of the supplemental material.) This E. coli CsgD box sequence
is slightly different from the Salmonella sequence, CGGGKG
AGNKA, that was recently proposed, based on the experimen-
tally determined CsgD-binding sequences of two targets, csgB
and adrA (56). The CsgD-binding sites on both the E. coli csgB
(—43 to —25) and adrA (—90 to —28) promoters overlap in
part with the corresponding CsgD-binding sites in Salmonella
enterica (Fig. 5C). The three CsgD box sequences on the E. coli
csgB promoter differ at one to four positions from the corre-
sponding sequences of the Salmonella csgB promoter (see Fig.
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FIG. 2. DNase I footprinting of CsgD-binding sites. Fluorescently
labeled DNA fragments of the indicated CsgD target promoters (1.0
pmol each) were incubated in the absence (lane 1) or presence of
increasing concentrations of purified CsgD (lanes 2 to 5 contain 2.5, 5,
10, and 20 pmol) and then subjected to DNase I footprinting assays.
Lanes A, T, G, and C represent the sequence ladders. Bold lines on the
right indicate the CsgD-binding sequences as detected by their protec-
tion pattern after DNase I treatment. The nucleotide numbers indicate
the distances from the respective transcription start sites. The locations
of CsgD-binding sites are illustrated in Fig. 3, below.

5D below). It is also noteworthy that the structure of the E. coli
CsgD protein of 216 amino acids differs from that of the Sal-
monella CsgD protein: it is 8 residues longer and contains a
17-amino-acid substitution. We cannot exclude the possibility
that this structural difference leads to the different recognition
properties of the CsgD box sequence.

Influence of csgD deletion on expression of target genes. To
examine the possible influence of CsgD on the activity of
promoters with CsgD-binding sites, we constructed a set of E.
coli strains carrying a single copy of target promoter-lacZ tran-
scriptional fusions on the genome and performed LacZ re-
porter assays with both wild-type and csgD mutant strains. A
group of promoters were activated in the csgD mutant, indi-
cating that CsgD is involved as a repressor for this group of
promoters. For instance, the promoter activity of fliE (encod-
ing the flagellum basal body) and yhbT (encoding a putative
lipid carrier protein) increased in the csgD mutant (Fig. 6, R1
and R2). For both promoters, the CsgD-binding site is located
downstream of the respective transcription initiation sites (Fig.
3). This finding agrees well with the general rule regarding the
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FIG. 3. Location of the CsgD-binding site(s) on the regulation tar-
get promoters. The locations of CsgD-binding sites on the promoters
examined in the footprinting assay (Fig. 2) are shown along the re-
spective promoter sequences. Transcription initiation sites have been
determined for nipA (6), csgD (22, 35), yaiC (10), fliE (33, 48), fliF (33,
48), csgB (2), yccT (data not shown), yhbT (29), and wrbA (29). Num-
bers on each line represent the distance (in bp) from the respective
transcription start site. Note that the CsgD-binding site of fliE (—46
to —14) is the same as that of fliF (—121 to —153).

csgD csgB

transcription factor-binding site relative to its promoter and
the regulatory mode of its action (24).

The activity of promoters carrying the CsgD-binding site
upstream of the respective promoters decreased in the mutant
lacking CsgD. In these cases, CsgD might be involved in acti-
vation of the target genes, including yccT, encoding a putative
periplasmic protein, and adrA4, encoding a putative diguanylate
cyclase (GGDEF) with a regulatory role in curli formation
(Fig. 6, panels Al and A2). The activity of both yccT and adrA
promoters increased in the stationary phase, suggesting the
involvement of YccT and AdrA in stationary-phase adaptation.
The transcription initiation site of yccT, shown in Fig. 3, was
determined in a primer extension assay (data not shown). The
CsgD box was thus found to be located upstream of the pro-
moter at —35, indicating that CsgD is a class I activator (25).

Role of multiple CsgD sites on the csgB promoter. The genes
for all the essential components for the formation of curli
fimbriae, including curlin subunits (CsgBAC), and components
for curlin secretion and assembly (CsgEFG) are organized in
the divergent operons csgDEFG and csgBAC. As noted above,
we identified seven CsgD-binding sites within a 754-bp-long
spacer between two csg operons (Fig. 3). The presence of seven
CsgD-binding sites itself implies complex regulation for these
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FIG. 4. Consensus sequence of the CsgD box. CsgD-binding
sites were identified in the wrbA, yhbT, yccT, csgB, fliF, yaiC, csgD
and nlpA promoters, as shown in Fig. 2. The sequences of these
promoter segments were analyzed to identify the consensus se-
quence of the CsgD box.
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operons. We then performed a more detailed analysis on these
divergently transcribed csg operons. To obtain insights into the
regulation of csg promoters, we constructed csgB-lacZ and
csgD-lacZ fusions for monitoring the promoter activities.

The regulatory roles of three promoter-proximal CsgD sites
on the csgB promoter were analyzed using a set of lacZ fusions,
each carrying different segments of the csgB promoter (Fig.
5A). After deletion of the upstream CsgD3 site, the promoter
activity was essentially the same between the wild type and the
csgD mutant (Fig. 5B), indicating that CsgD bound at the
CsgD3 site plays a major regulatory role for control of
the csgBC operon. In order to identify the role of downstream
CsgD sites on the csgB promoter, we constructed three sets of
csgB-lacZ fusions, each carrying a different segment of the csgB
promoter, and we analyzed the binding activity in vitro of the
CsgD protein (Fig. 7). Among the set of upstream deletion
derivatives, the CsgD-binding activity was maximum for the
longest segment containing all three CsgD boxes (the D321
segment), but after deletion of CsgD3, the activity of CsgD
binding remained for the D21 and D1 segments, albeit at
decreased levels of about 50% (Fig. 7A). We also constructed
a set of downstream deletion derivatives and measured their
CsgD-binding activities. Even though the activity was the high-
est for the D321 segment, the CsgD-binding activity was not so
different between the three segments, supporting the predic-
tion that CsgD3 plays a major role for CsgD binding to the
csgB promoter (Fig. 7C). Finally, we examined the CsgD-bind-
ing activities of three segments, each carrying only one of the
three CsgD boxes (Fig. 7B). Both CsgD3 and CsgD1 were
equally active in CsgD binding, but the CsgD2 segment showed
weak but significant CsgD binding activity. Based on these
results taken together, we conclude that all three CsgD boxes
on the csgB promoter carry CsgD-binding activity but at dif-

Bl

TATCGTTTTATTAGCACTTTGGTATGAGCTTAAATAACAAAATACCACG
TACGTGGGTTTTAATACTTTGGTATGAACTAAAAAAGAAAAATACAACG
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=43 -25
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CGTGGGTGAGTTATTAAAAATGTTTCCACGGACATACTCTTCATCGTAA
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-34

-21

Escherichia coli L. csgB;

FIG. 5. Analysis of functional roles of CsgD sites on the csgB promoter. (A) Three different segments (F1, F2, and F3) of the csgB promoter
were inserted into pRS551 (47), and the resulting lacZ fusion plasmids were transformed into wild-type E. coli and csgD-defective mutant strains.
(B) B-Galactosidase activities of the transformants. (C) Sequence of the E. coli csgB promoter and the locations of CsgD-binding sites are shown
on the lower sequence, while the sequence for the Salmonella csgB promoter and the location of the CsgD-binding site (56) are shown in the upper

sequence.
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FIG. 7. CsgD-binding activity of three CsgD boxes on the csgB
promoter. Three sets of csgB promoter probes were constructed and
examined for CsgD-binding activity by gel shift assay. (A) 5’ deletion
set of the csgB promoter; (B) internal segments, each carrying one of
three CsgD boxes; (C) 3" deletion set of the csgB promoter. Construc-
tion of 5" deletion (A) and 3’ deletion (C) probes was carried out by
PCR using the primer pairs described in Materials and Methods, while
the internal segment probes (B) were prepared by hybridization of
complementary single-stranded DNA segments (see Table S1 for se-
quences).

ferent levels, with CsgD3 being the strongest and CsgD2 being
the weakest.

Regulatory role of CsgD on the csgD promoter. To obtain
insights into the regulation of the csgD promoter, we analyzed
promoter activities by using a c¢sgD-lacZ fusion. The csgD pro-
moter activity in wild-type E. coli increased in the stationary
phase (Fig. 8A), in agreement with the physiological role of
CsgD as a master regulator of biofilm formation under stress
conditions. However, the csgD promoter activity was essen-
tially the same between the wild type and csgD mutant under
the culture conditions employed (Fig. 8A). The failure to de-
tect the influence of csgD knockout under steady-state growth
in exponential phase may be due to the low-level expression of
CsgD, as detected by Western blotting (37). In addition, a
number of transcription factors are involved in regulation of
the csgD promoter (36, 37), leading to masking of the influence
of a single transcription factor. To overcome the masking effect
by other transcription factors, CsgD was overexpressed by us-
ing an arabinose-inducible expression vector (Fig. 8C). We
found significant enhancement of the csgD promoter (Fig. 8B),
indicating that CsgD plays a role as an activator under high-
level expression conditions. It should also be noted that the
enhancement of csgD promoter activity after overproduction
of CsgD is not simply due to the promoter activation but also
to an indirect influence through enhanced synthesis of RpoS
sigma factor by an increase in CsgD-dependent synthesis of
YaiB, an inhibitor of RssB phosphorylation (19).

Taking these findings together, we conclude that different
CsgD molecules when bound within the spacer region regulate
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were measured. (C) Confirmation of CsgD expression in pBADcsgD-transformed E. coli BWcsgDF1D by Western blot analysis. (D) Locations of
CsgD-binding sites along the csgD promoter. The binding sites of other transcription factors on the cagD promoter have been reported previously

(36, 37).

separately the divergently transcribed c¢sgDEFG and csgBC
operons. The presence of seven CsgD-binding sites within this
spacer region itself suggests the involvement of complex reg-
ulation systems of two transcription units in opposite direc-
tions, depending on the number and order of CsgD binding
between these seven sites. Since a number of different tran-
scription factors also bind to the same regions, the molecular
interplay between transcription factors should be more com-
plex than we proposed in earlier studies (36, 37).

Role of CsgD in flagellum synthesis and motility. Among
the list of regulation target candidates (Fig. 1 and Table 2), we
determined that the spacer between the fliE and fliFGHIJK
operons has a high affinity for CsgD. The fliE gene encodes a
component of the flagellum basal body assembly, connecting
the MS ring and rod, while the fliIFGHIJK operon encodes
essential components and functional modulators of the flagel-
laum, including components of the flagellum export apparatus
(31, 33). Based on a DNase footprinting assay, multiple CsgD-
binding sites were identified within this 215-bp-long spacer,
which is located downstream (+10 to +42) of fliE promoter P1
(Fig. 2) or —95 to —63 upstream of fliF promoter P1 (Fig. 2).
In good agreement with the location of the CsgD-binding site,
the fliE promoter activity markedly increased in the csgD mu-
tant (Fig. 9A), indicating repression of fliE by CsgD. In paral-
lel, we also examined the possible influence of CsgD on the
promoter of the fliFF operon, which is transcribed in a different
direction from the fliE gene.

The activity of the fliFF promoter was also enhanced in the
csgD mutant (Fig. 9B), even though the CsgD-binding site is
located upstream from both the P1 and P2 promoters (Fig. 3,
fliF lane). In limited cases, upstream bound transcription fac-
tors repress transcription initiation due to interference with
promoter escape by a high-affinity protein-protein interaction

between transcription factors and the RNA polymerase alpha
subunit (55). The genes for flagellum formation are considered
to be under a complex regulation system, but at the present
time, little is known regarding transcription factors involved in
regulation of these flagellum operons, except that the FIhDC
complex is the master regulator of the hierarchy of the regu-
lation network (15, 48). RpoF, one of the seven E. coli sigma
factors, is synthesized under the control of FIhDC. The CsgD-
binding site between the fliE and fliF operons overlaps with the
binding site of FIhDC, the master regulator of genes for fla-
gellum formation (Fig. 9C). Thus, the apparent repression of
the fliF promoter by CsgD may also be attributable to inter-
ference of FIhDC in binding to its target site.

DISCUSSION

Formation of a biofilm begins with the attachment of free-
floating microorganisms to a solid surface and cell-cell contact
using adhesion structures such as curli fimbriae. CsgD (curlin
subunit gene D) is a FixJ/LuxR/UhpA family transcription fac-
tor that regulates the csgBAC and ¢sgDEFG operons for the
synthesis, secretion, and assembly of curli components (10, 20,
22, 27, 41, 42). Besides the csgBAC and csgDEFG operons,
CsgD is known to regulate yaiC (renamed adrA), which en-
codes the diguanylate cyclase for the synthesis of c-di-GMP
(14, 38) and plays dual roles in the enhancement of biofilm
formation and inhibition of cell motility through repression of
flagellum production and rotation (52). The C-terminal do-
main of CsgD contains a potential helix-turn-helix DNA-bind-
ing motif, while its N-terminal domain contains the receiver
domain (51). Changes in various environmental conditions,
such as low osmolarity, low temperature, starvation, and high
cell density, influence, directly or indirectly, the expression of
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FIG. 9. Effects of CsgD on the fliE and fliF promoters. (A) E. coli
BWWHIIE (lanes 1 and 2) and BWcsgDfliE (lanes 3 to 6) strains were
transformed with either pPBAD18 (lanes 1 to 4) or pBADcsgD (lanes 5
and 6), grown in YESCA medium at 28°C for 8 h (lanes 1, 3, and 5) or
24 h (lanes 2, 4, and 6), and B-galactosidase activities were determined.
(B) E. coli BWWHIF (lanes 1 and 2) and BWcsgDfliF (lanes 3 to 6)
strains were transformed with either pBAD18 (lanes 1 to 4) or
pBADcsgD (lanes 5 and 6), grown in YESCA medium at 28°C for 8 h
(lanes 1, 3, and 5) or 24 h (lanes 2, 4, and 6), and B-galactosidase
activity was assayed. (C) Locations of CsgD-binding sites within the
spacer region between fliE' and fliF. The CsgD-binding site of CsgD is
indicated by the solid-lined box, while two binding sites of FIhDC, the
activator for the fliE and fliF operons, are indicated by the boxes with
dotted lines. The fliE and fliF operons are both transcribed by both o”°
and ?® RNA polymerases.

CsgD (8, 10, 20). Based on the responsibility of CsgD expres-
sion in responding to various external stresses, a number of
transcription factors, each monitoring a different factor or con-
dition, are involved in the regulation of csgD promoter (24, 36,
37). At present, however, the specific effector(s) or condi-
tion(s) that affects CsgD function has not yet been identified.

To obtain insights regarding the whole network of gene
regulation involving CsgD, the identification of a whole set of
regulation targets by CsgD is an initial and essential step. In
the absence of knowledge of effectors affecting CsgD activity,
we searched for the regulation targets by analysis of CsgD-
associated genes in vivo using the ChIP-chip system (17, 18,
45), and we identified more than 20 CsgD-binding sites along
the E. coli genome (Fig. 1). Noteworthy is that the eight mem-
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FIG. 10. The regulatory roles of CsgD in biofilm formation and cell
motility. The master regulator CsgD for biofilm formation represses
the genes for flagellum formation and motility, thereby switching the
bacterium’s lifestyle to the biofilm mode.

bers of the CsgD regulon so far identified in this study carry
one to four CsgD-binding sequences that are located at various
positions from the respective transcription start position (Fig.
3). Such a unique organization of CsgD-binding sites has been
reported in several other cases, such as for the E. coli TyrR
regulon (39) and the PhhR regulon of Pseudomonas putida (23).
All these transcription factors are dual regulators, acting as an
activator or a repressor, and the mode of transcription regulation
correlates with the location of regulator binding relative to the
promoter. It should be noted, however, that the functional form
of CsgD remains unidentified under the culture conditions em-
ployed. For instance, CsgD is supposed to be phosphorylated
through an as-yet-unidentified mechanism (56).

In the promoter assay utilizing lacZ fusions, CsgD exhibited
activation of a set of genes and repression of another set of
genes, suggesting the unique nature of CsgD as a transcription
factor with a dual role, similar to IcIR family transcription
factors (32). However, it cannot be ruled out that there were
two forms of CsgD, i.e., phosphorylated and unphosphoryl-
ated, under the experimental conditions employed. The genes
related to biofilm formation are activated by CsgD, but here we
found that CsgD repressed the genes related to flagellum for-
mation and rotation. CsgD directly represses transcription of
both the fliE and fliFGHIJK operons by binding to the spacer
region. The binding site of the CsgD repressor in this region
overlaps with that of the FIhDC complex, the master regulator
of flagellum formation (15), implying competition in DNA
binding between these two master regulators, CsgD for biofilm
formation and FIhDC for flagellum formation. Interestingly,
the binding consensus sequences are also similar for these two
regulators. In addition to the fliE-fliFGHIJK spacer region,
CsgD associates at the spacer regions between flgB and fig4
within the flgBAMN operon, between fliC and fliD within the
fliCD operon, and on the fliL. gene within the fliIFGHI/IK
operon, altogether leading to inhibition of flagellum formation
and assembly; these findings are in concert with the proposal
that CsgD is involved in regulation of flagellum-related oper-
ons (56). Along this line, it is noteworthy that c-di-GMP, the
metabolic product of CsgD-activated AdrA diguanylate cy-
clase, is an inhibitor of cell motility (38), acting by interfering
with flagellar motor speed through the c-di-GMP-binding pro-
tein YcgR (1, 7, 52). Accordingly, CsgD interferes with the
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formation and function of flagella, leading to inhibition of
planktonic growth for the switch to biofilm formation (Fig. 10).
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