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The Escherichia coli flagellar master regulator, FIhD,C,, binds to the promoter regions of flagellar class II
genes, yet, despite extensive analysis of the FIhD,C,-regulated promoter region, a detailed consensus sequence
has not emerged. We used in vitro and in vivo experimental approaches to determine the nucleotides in the class
II promoter, fliAp, required for the binding and function of FIhD,C,. FIhD,C, protects 48 bp (positions —76
to —29 relative to the ¢’’-dependent transcriptional start site) in the fli4 promoter. We divided the 48-bp
footprint region into 5 sections to determine the requirement of each DNA segment for the binding and
function of FIhD,C,. Results from an in vitro binding competition assay between the wild-type FIhD,C,-
protected fragment and DNA fragments possessing mutations in one section of the 48-bp protected region
showed that only one-third of the 48 bp protected by FIhD,C, is required for FIhD,C, binding and fli4
promoter activity. This in vitro binding result was also seen ir vivo with flid promoter-lacZ fusions carrying the
same mutations. Only seven bases (A'%, A'®, T3*, A%¢, T, A**, and T*°) are absolutely required for the
promoter activity. Moreover, A'%, A'>, T>*, T7, and T*° within the 7 bases are highly specific to fli4 promoter
activity, and those bases form an asymmetric recognition site for FIhD,C,. The implications of the asymmetry

of the FIhD,C, binding site and its potential impact on FIhD,C, are discussed.

The bacterial flagellum is an external helical filament whose
rotation is responsible for swimming motility. Over 60 genes
belong to the flagellar regulon of Escherichia coli, and these are
grouped into transcriptional classes (class I, class II, and class
IIT) comprising a three-level, hierarchical regulatory cascade
(24, 27, 33). At the top of the hierarchy is the sole member of
class I operons, the flhDC operon, which encodes the master
transcriptional regulator, FIhD,C,, of the flagellar regulon.
Together with ¢7°, FIhD,C, activates the transcription of class
II promoters, including those of fli4, figM, and genes for hook-
basal body assembly. fli4 encodes 0%, a flagellar gene-specific
o factor that is responsible for initiating the transcription of
class III promoters (31, 32). Some operons have both class II
and class III promoters, including fli4 and flgM, encoding the
major checkpoint for flagellum biosynthesis. In the early stages
of flagellar synthesis, FlgM, the anti-o*® factor, binds o2® to
inhibit the transcription of class III promoters until the flagel-
lar hook-basal body complex is complete. Subsequently, FlgM
is secreted through the flagellar type III secretion system to
release free o that associates with RNA polymerase (RNAP)
to initiate transcription from class III promoters (9, 10, 19).
Other class III genes encode flagellar filament components,
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flagellar basal bodies, and the chemotaxis system. The flhDC
operon is regulated at the transcriptional level by many envi-
ronmental factors via global regulators, such as CRP (catabo-
lite repression) (53), OmpR (osmolarity) (50), H-NS (DNA
topology) (5, 53), LrhA (28), RcsAB (16), HdfR (23), and
QseBC (quorum sensing) (55). CsrA regulates the expression
of the flhDC operon at the posttranscriptional level (54, 65).
The activity and stability of FIhDC are regulated by FliZ,
FliT, and FliD, the downstream gene products in the flagel-
lar regulon, by YdiV, an EAL-like protein acting as an
anti-FIhD,C, factor, by ClpXP, an ATP-dependent pro-
tease, and by DnakK, a protein chaperone (1, 45, 46, 58, 59,
62, 67). Microarray studies suggest that FIhDC also func-
tions as a global regulator involved in carbon metabolism
and anaerobic respiration (38, 39).

Typically, bacterial transcriptional regulators use a helix-
turn-helix (HTH) motif to bind DNA and commonly form
homodimers (e.g.,  cI, \ cro, trp repressor, CRP, NtrC, MarR,
and FadR) (2, 22, 36, 40, 42, 43, 49, 60, 64). Some transcrip-
tional regulators bind their target sites as monomers (e.g.,
members of the AraC family and MotA from bacteriophage
T4) (11, 17), or as homomultimers (e.g., Lacl, H-NS, and the
LysR family) (4, 6, 34, 52). Heteromeric transcriptional acti-
vators are unusual in bacteria but have been reported, such as
the dimer of integration host factor, IHF-a, the dimer of the
regulator of capsular biosynthesis, RcsBA, and dimers of the
nucleoprotein H-NS with another nucleoprotein, Hha or StpA
(15, 57). FIhDC is a unique bacterial transcriptional regulator
composed of heterologous subunits, FIhD (13 kDa) and FIhC
(22 kDa), that form a functional heterohexamer complex,
FIhD,C, (63).

Due to the formation of a large complex, FIhD,C, protects
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FIG. 1. Map of the in vitro binding region on the FIhD,C, footprint sequence. (A) Structure of the fli4 promoter. Transcriptional start sites
of class IT and class I1I (arrows), class II promoter-dependent —10 element (box), and FIhD,C, protected region (underlined) are illustrated. (B) A
500-fold excess of unlabeled fragments (WT, A, B, C, D, and E) competed with radioactively labeled WT fragment for FIhD,C, complex binding.
As controls, lane 1 contains the radioactively labeled probe DNA only and lane 8 contains both the radioactively labeled probe and the FIhD,C,
complex but no competitor DNA fragments (+, present; -, absent). (C) The effects of mutations in each section on FIhD,C, binding (+, positive; -,
negative). (D) Sequences of DNA fragments used for the in vitro binding competition assay, including the wild-type FIhD,C, footprint sequence
in the fliA promoter and derivative sequences with complementary mutations (shown in bold) in sections A, B, C, D, and E.

a large nucleotide “footprint” in the promoters that it regu-
lates. DNase I footprinting analyses have shown that the
FIhD,C, complex binds to 48 to 50 bp in the promoter regions
of the fliA, flhB, and fliL. operons of Escherichia coli and to 46
to 59 bp in the promoter regions of the fhB, flid, and figA-figB
operons of Proteus mirabilis (13, 32). The FIhD,C, binding site
(from approximately positions —30 to —80 relative to the tran-
scriptional start site) overlaps the o’’-specific —35 element
(Fig. 1A). The C-terminal domain of the a-subunit (a-CTD) of
RNA polymerase is required for FIhD,C,-mediated transcrip-
tion (30) and presumably binds to the upstream region of the
FIhD,C, binding site.

In electrophoretic mobility shift assays (EMSAs), FIhD does
not have DNA binding activity by itself, but reconstituted FIhC
(from Proteus mirabilis) does, and binding is enhanced in the
FIhD,C, complex (12, 32). The FIhD,C, complex binds poten-
tially to DNA by a helix-turn-helix structure and the region
near a zinc binding area in the FIhC protomers (Y.-Y. Lee and
P. Matsumura, unpublished data). However, results from
photo-cross-linking, alanine scanning mutagenesis, and hepa-
rin affinity of protein variants suggest that FIhD also contrib-
utes to DNA binding through Ser-82, Arg-83, and Val-84,
located in the C terminus of the protein (7, 13).

While sequence alignment of the FIhD,C, footprint frag-
ments does not produce a compelling consensus sequence, a
consensus sequence of FIhD,C, binding nevertheless has been
generated using different approaches. Kutsukake and cowork-
ers found o’°-dependent —10 consensus elements in the pro-
moters of the flid, figA, figB, and fliD genes from Salmonella
enterica serovar Typhimurium, but no evident —35 consensus
elements; instead, they observed a sequence element, TTAT

TCC, centered at —42 of these class II promoters (21, 26, 37).
In subsequent studies, the same group found another weakly
conserved sequence element, GCAATAA, present 15 to 19 bp
upstream of the TTATTCC element in flagellar class II pro-
moters. The two elements make an imperfect palindromic se-
quence motif, and deletion of the GCAATAA half-site elimi-
nates promoter activity (20). An informatics study of FIhD,C,
binding sequences was done by the Hughes group at Cam-
bridge (England), who aligned the promoter regions of 12
flagellar class II genes from E. coli (flid, fliL, and flhB), S.
Typhimurium (fli4, fliL, flhB, fliE, and fliF), and P. mirabilis
(flid, flhB, and figA-figB). From this study, they proposed a
consensus “FIhDC box”: an imperfect inverted repeat of TN
AA(C/T)G(C/G)N,_sAAATA(A/G)CG in each half-site sep-
arated by a 10- to 12-nucleotide spacer (13). This FIhDC box is
found adjacent to the putative —35 elements in the promoters
of flagellar class II genes and some nonflagellar genes (56).
Significantly, empirical data that correlate the informatic con-
sensus sequence and the function of FIhD,C, have not been
reported.

In this report, we studied the fli4 promoter as an example of
a FIhDC-regulated promoter and determined the regions
where FIhD,C, binds in the FIhD,C, footprint. Unlike previ-
ous efforts, we randomized the sequence in the FIhD,C, foot-
print on the fli4 promoter to experimentally build, using both
in vitro and in vivo approaches, a minimal DNA sequence
required for FIhD,C, binding and activity. Our approaches
allowed us to build a sequence of the FIhD,C, binding site with
biological significance that can lead to a greater understanding
of the functional mechanisms of complex and global regula-
tors, such as FIhD,C,. The resulting sequence not only shares
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common bases and features with the informatically derived
consensus sequence but also provides higher resolution and
specificity than previous approaches. Importantly, we found
that only 7 bases in the sequence are absolutely required for
FIhD,C, binding, and they form a unique asymmetric site.

MATERIALS AND METHODS

Bacteria strains, plasmids construction, and growth conditions. The fli4-
deficient nonmotile E. coli strain YK4104 (25), a derivative of YK410 [F~
araD139 A(argF-lac)169 N~ pyrC46 A(fruK-yeiR)725(fruA25) thi gyrA-O(NalR)
relA1 thyAO rpsL150(strR) rbsR22 deoC1 his) (25) was used for all in vivo tests. E.
coli strain XL1-Blue (Strategene) was used for routine plasmid manipulation. E.
coli strain BL21(DE3) was used to overexpress the FIhDC complex. pXL11,
bearing the fusion of the fli4 promoter (210 bp inserted into the EcoRI and the
BamHI sites) with lacZ in pRS528 (51), was used as a transcriptional reporter of
fliA promoter activity. pXL11 derivatives were constructed to have the fli4
promoter bearing mutations on the FIhD,C, footprint. Derivative fli4 promoter
fragments were produced by sequential PCR using a single or a pair (sequence
complementary to each other) of mutagenic primers (see Table S1 in the sup-
plemental material) and two flanking primers, 5'fliAFP (CGGGATCCATCCG
GCAACATAAA) and 3'fliAFP_rev (CGTCGCCGCTTTCATCGGTT). 5'fliAFP
contains a BamHI recognition site (sequence underlined), and 3'fliAFP_rev
matches the opposite strand sequence that is downstream and adjacent to an
EcoRI recognition site into which the right end of the fli4 promoter fragment is
cloned. Each step of amplification was done using pXL11 or the derivatives as a
template, PCR SuperMix HiFi (Invitrogen) as the DNA polymerase mix, and the
following thermocycler program: 94°C for 3 min; 25 cycles of 94°C for 45 s, 58°C
for 30 s, and 72°C for 15 s; 72°C for 5 min. pXL27, bearing the fIlhDC operon in
pT7-7, was used to overexpress the FThDC complex (32).

Bacteria were grown in Luria-Bertani (LB) broth (Bacto tryptone, 10 g liter ~%;
yeast extract, 5 g liter™!; sodium chloride, 10 g liter™') (35) at 37°C. LB was
supplemented with 20 g liter ! thiamine and 20 g liter ! thymine when growing
YK4104 to improve the growth, as they supplement the inability of the strain to
synthesize thiamine and thymine de novo due to thi and thyA0 mutations (3).

FIhD,C, complex overexpression and purification. Recombinant native
FIhD,C, complex was expressed by 1 mM isopropyl-B-p-thiogalactopyranoside
(IPTG) induction at 37°C using mid-exponential-phase cultures. Overexpression
of IPTG-induced FIhD,C, proteins was examined in whole-cell extracts using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Cells
were harvested by centrifugation after 3 h of induction and incubation and
resuspended in 50 mM Tris (pH 7.9), resulting in a concentration of 1 g of cells
in 3 ml of 50 mM Tris (pH 7.9). Cells were disrupted by sonication, and the
resulting lysate was passed through a HiTrap heparin HP column (Amersham
Bioscience) using an EconoPump system (Bio-Rad). The protein complex was
eluted in 50 mM Tris (pH 7.9) with a gradient of 0 to 1.4 M NaCl, which
separated overexpressed FIhD,C, complex from other proteins with nonspecific
binding. The protein composition was confirmed by SDS-PAGE followed by
Coomassie brilliant blue staining. Fractions containing only bands corresponding
to the sizes of FIhD and FIhC proteins were collected for further use.

EMSA. The DNA probes used for EMSA were made by two methods. Oligo-
nucleotides (48 bp in length) were suspended in water to a final concentration of
1 mg ml™!. Five picomoles of the respective oligonucleotide was labeled in 10 .l
with 1 pl of [y->2P]ATP (6,000 Ci mmol~*; 10 wCi ml~*) using T4 polynucleotide
kinase (Invitrogen) at 37°C for 20 min, and then complementary labeled oligo-
nucleotides were combined and annealed at room temperature for 20 min. After
separation using a 10% (wt/vol) polyacrylamide gel in Tris-borate-EDTA (TBE)
running buffer (100 mM Tris-HCI, 90 mM boric acid, 1 mM EDTA; pH 8.4) by
a “crush and soak” method, the double-stranded 3*P-labeled DNA was purified
and resuspended in TE (pH 8.0) (47). The 210-bp DNA fragment of the fliA
promoter was obtained by PCR using the flanking primers 5'fliAFP and
3'fliAFP_rev following the program described above.

Twenty microliters of each binding reaction mixture containing 1X binding
buffer (10 mM Tris [pH 7.9], 100 mM potassium chloride, 5 mM EDTA [pH 8.0],
and 5% glycerol), DNA probe, and FIhD,C, as required was incubated at 30°C
for 20 min. For the binding competition assay, 50 ng FIhD,C,, 2 ng 3?P-labeled
DNA probe, and 1 pg unlabeled DNA fragments (as required) were added. For
binding sequence selection, 147 ng FIhD,C, and 44 ng 210-bp DNA probe were
used. Products from the binding reaction mixture were separated on 5% (wt/vol)
polyacrylamide gels buffered with TBE at 8 mA or 50 to 80 V for 90 min. The
32p_labeled DNA fragments and the PCR-generated DNA fragments, respec-
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FIG. 2. Regions on the FIhD,C, footprint required for fli4 pro-
moter activity. (A) The activity of the fli4 promoter (normalized to the
WT fliA promoter activity), compared with those after deletion of the
F1hD,C, footprint sequence (Afp) and of the mutated FIhD,C, foot-
print sequences A, B, C, D, and E. (B) Dissection of fragments D and
E. (C) The percentages of activity of the fliA promoter containing
mutations in sections D1, D2, D3, E1, E2, and E3. Promoter activity
was followed by measuring the -galactosidase activity in three inde-
pendent experiments. The error bars represent standard deviations of
the means.

tively, were visualized by autoradiography and UV light illumination of the
ethidium bromide (EtBr)-stained DNA.

SAAB assay. The selection and amplification of binding sequence (SAAB)
method is also known as cyclic amplification and selection of targets (CAST) and
systematic evolution of ligands by exponential enrichment (SELEX). As used in
this study, the SAAB method was as follows. A primer pair complementary to
each other and containing random sequences in the middle of each oligonucle-
otide was used to construct a fliA promoter segment with degenerate sequence in
the target region. The degenerate fli4 promoter was used in EMSAs, and DNAs
contained within the gel were stained with EtBr and visualized following expo-
sure to 320-nm UV light. DNA bands that had shifted mobility were purified
from the polyacrylamide gel by using a QTAEX II gel extraction kit (Qiagen) and
eluted in 20 pl of water. The fragments were amplified by PCR following the
program described above. This procedure was repeated up to 7 times, and the
sequence of the PCR product from each cycle was determined with an ABI 3730
DNA analyzer (University of Illinois at Chicago Research Resources Center
DNA sequencing facility).

B-Galactosidase assay. B-Galactosidase activity expressed from each pro-
moter-lacZ transcriptional fusion was determined in Miller units (35) as follows.
Cells were harvested from exponential-phase cultures (optical density at 600 nm
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FIG. 3. Chromatograms of SAAB results. The sequencing chromatograms of the original degenerated probe sequences (random [upper panel])
and of the sequence from SAAB selection (selected [lower panel]) are shown. The wild-type sequence of the corresponding regions (WT [top
boxes]) and the selected nucleotide sequence (bottom) are displayed. N, any base; *, no selectivity. The numbers beneath the chromatograms
indicate the relative position in the footprint. The abundance of Gs and Cs in the “random” (upper panel) chromatograms is due to an artifact

of the oligonucleotide synthesis.

[ODg0], 0.3 to 0.7), and 0.1 ml of the culture was added to a reaction mixture
containing 0.9 ml of Z buffer (8.517 g Na,HPO,, 5.5 g NaH,PO, - H,0, 0.75 g
KCl, 0.246 g MgSO, - 7H,0, 2.7 ml B-mercaptoethanol in 1,000 ml of distilled
water), 60 pl of chloroform, and 40 pl of 0.1% SDS. The mixture was vortexed
for 10 s, and the assay was started by adding 200 1 of 4 mg ml~! o-nitrophenyl-
B-p-galactopyranoside (dissolved in Z buffer) and stopped by adding 0.5 ml of 1
M Na,COj; once a yellow color had developed (OD,5, 0.4 to 0.6). The reaction
mixture was incubated at 28°C. B-Galactosidase activity was determined using
the following formula: (1,000 X OD,,, of the reaction mixture after the assay
terminated)/(ODg of the culture suspension X 0.1 X reaction time, in minutes).
Samples were measured from three independent experiments in triplicate.

Data calculation. The frequency of each base at each position in the high-
activity groups (defined as the top one-fourth [top 1/4] and top one-half [top 1/2]
highest activities after screening, as shown below in Fig. 4 to 6) was calculated as
described below. The frequency was determined as the ratio of the number of
times a particular base appeared at a specific position in the defined group (top
1/4 or 1/2 activities) out of the number of times that base appeared at that specific
position in all samples. For example, 29 samples had been screened in section B1,
so samples 1 to 7 are in the top 1/4 activities group. A'? appeared 6 times in the
top 1/4 group and 8 times in all samples (see Fig. 4A). Therefore, the frequency
of A'? in the top 1/4 group is 75%.

The mean activity of each base at each position was calculated by taking the
mean value of the activities from the samples with a particular base appearing at
a specific position. For example, average activity of A'? is the mean value of the
activities of samples possessing A at position 12.

RESULTS

Mapping the binding regions of the FIhD,C, complex on the
fliA promoter. We started this study by mapping the regions
required for FIhD,C, complex binding on the reported
FIhD,C, footprint region in the fli4 promoter. The FIhD,C,
complex protects a 48-bp region of the fli4 promoter from —76
to —29 relative to the o’%-dependent (class II) transcriptional
start site and —88 to —41 relative to the o**-dependent (class
III) transcriptional start site, respectively (31, 32) (Fig. 1A).
The 48-bp DNA fragment found by footprinting is sufficient for
FIhD,C, complex binding, as shown in Fig. 1B (lane 8). To
define further the required bases, we divided the 48-bp frag-
ment into 5 sections, called A to E (Fig. 1C). Section A con-
tained bases 1 to 9; B contained bases 10 to 19; C contained

bases 20 to 29; D contained bases 30 to 39; E contained bases
40 to 48. The five 48-bp DNA fragments (A, B, C, D, and E)
were synthesized with complementary mutations, i.e., strands
were “flipped over” in each corresponding section, as shown in
Fig. 1D. The wild-type fragment, along with fli4 fragments A,
B, C, D, and E, were used in in vitro binding competition assays
in which unlabeled fli4 fragments A to E competed against
labeled wild-type fli4d fragment (WT in Fig. 1). The advantages
in making these types of mutations are that (i) they are the
same length (an important consideration in binding competi-
tion assays), (ii) every section is kept in the same position
relative to the others, (iii) every base is mutated within the
particular section of interest, and (iv) this prevents purine or
pyrimidine bias in the mutated sequence. With this approach,
the better the unlabeled fragments compete, the less significant
the mutated sections are to FlhD,C, binding, and thus a
shifted band in the competition indicates that the mutations in
the unlabeled DNA section are important to FIhD,C, binding.
As can be observed in Fig. 1B, binding of the FIhD,C, complex
to labeled wild-type fliA DNA without unlabeled competitor
DNA caused an upward shift in band electrophoretic mobility
(lane 8). Unlabeled wild-type fli4 (Fig. 1B, lane 2) outcom-
peted the binding of radioactively labeled fliA DNA to
FIhD,C,. Mutant fragments A and C had the same capability
as unlabeled wild-type fli4 to outcompete radioactively labeled
wild-type fliA fragment in binding to the FIhD,C, complex
(Fig. 1B, compare lane 2, the control, to lanes 3 and 5 con-
taining fragments A and C, respectively). In contrast, mutated
fragments B, D, and E did not have the same capabilities as the
mutant fragments A and C to compete with binding of wild-
type fliA. These data indicate that sections B, D, and E of the
FIhD,C, footprint in the fliA promoter contribute strongly to
FIhD,C, binding, while sections A and C do not.

We next asked whether the bases of fli4 required for
FIhD,C, binding are also required for FIhD,C, activation of
transcription from the fli4 promoter. To address this, a series
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FIG. 4. Activities of the fli4 promoter with sequence alterations in sections B1 and B2. (A and B) Section B1; (C and D) section B2. (A and C) The
percent activity (normalized to the wild type, set as 100%) is listed in decreasing order, with the corresponding nucleotide sequence. The wild-type
sequence is shown in bold uppercase letters, and the mutant sequence is shown in italic lowercase letters. NC, negative control (possesses complementary
mutations in the whole B section [positions 10 to 19]). The promoter activity was followed by measuring 3-galactosidase activity in three independent
experiments. Error bars represent standard deviations of the means. (B and D) The frequency of each base at each position in the top 1/4 (upper graphs)
and the top 1/2 (middle graphs) high activity groups and the average activity contributed by each base at each position (bottom graphs). In the bottom
graphs of panels B and D, the x axis crosses the y axis at the mean value of the activity of all samples for section B1 and B2, respectively.
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of fliA promoter (210 bp)-lacZ transcriptional fusions were
made using plasmid pRS528 (see Materials and Methods). The
FIhD,C, footprint sequence was replaced by each of the re-
spective 48-bp fragments (Fig. 1C, sections A to E) used in the
previous binding competition assay. Since fli4 contains both
class II and class III promoters, a set of plasmids bearing
mutated fli4 promoter-lacZ fusions was introduced in YK4104,
a nonmotile E. coli strain with a fli4-deficient background, to
avoid false-positive expression from the class III fli4 promoter.
Promoter activity was measured indirectly as B-galactosidase
activity normalized against the wild-type activity. Figure 2
shows the results from these experiments. Almost 80% of the
activity was retained when either section A or section C was
mutated. However, transcription was reduced to 12% when
section B was mutated, and promoter activity was abolished
when either section D or section E was mutated (Fig. 2A). In
addition, knocking out flhDC (YK410 flhDC::kan) abolished
transcription of the wild-type fliA promoter (17 units versus 20
units from a flhDC strain containing pRS528 [empty vector
control]). This result indicates that the reduction of transcrip-
tion resulting from the mutated sections is due to the action of
FIhD,C, specifically and is not caused by an alteration in the
basal level of transcription from the fliA promoter. These re-
sults suggest that the footprint region required for FIhD,C,
binding is also required for the promoter activity, i.e., tran-
scription of fli4.

We further dissected sections D and E (10 and 9 bp, respec-
tively) into 6 parts: D1, position 30 to 32; D2, position 33 to 35;
D3, position 36 to 39; E1, position 40 to 42; E2, position 43 to
45; E3, position 46 to 48. B-Galactosidase activities of these
and complementary mutations in each subsegment were mea-
sured (Fig. 2B). The results indicated that only D2/D3 and
E2/E3 are required for FIhD,C, function (Fig. 2C). Combining
the in vitro (Fig. 1) and in vivo (Fig. 2) results, we found that
FIhD,C, binding to and activation of the fliA promoter re-
quires sections B, D (specifically D2/D3), and E (specifically
E2/E3) of the FIhD,C,-protected region of fliA.

Determination of DNA sequence for FIhD,C, binding. We
employed a method (a selection and amplification of binding
sequence or SAAB assay [see Materials and Methods]) to
select and amplify random mutations in fli4 segments that
enhance FIhD,C, binding. Briefly, we amplified fragments of
the 210-bp fliA promoter carrying random sequences in sec-
tions B, C, D2/D3, or E2/E3. Mixtures of the probe DNA and
the purified FIhD,C, complex were used in an EMSA, and the
FIhD,C,-bound DNA was isolated from the gel and amplified
by PCR. These amplified DNAs became new probes for sub-
sequent FIhD,C, binding in EMSAs.

In the early cycles of the SAAB assay selection, randomiza-
tion of the bases in sections B, D2/D3, or E2/E3 resulted in a
low degree of shifted DNA, but in subsequent cycles, we ob-
served an enrichment of selected sequences that optimized
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binding to FIhD,C,. The efficiency of the SAAB selection was
examined by sequencing the amplified DNA mixture after each
cycle, and the resulting sequence chromatograms were used to
show the frequency of distribution of each nucleotide position
in the mix of resulting randomized DNAs. Specific optimized
binding sequences were obtained in 5 cycles of SAAB for
section B, in 4 cycles for section D2/D3, and in 3 cycles for
section E2/E3. SAAB failed to identify a specific sequence
for section C, despite extending the assay to 7 cycles (Fig. 3).
The results obtained through SAAB indicate that fragment C
is not essential, which agrees with our results obtained from
binding assays and fli4 transcriptional fusions. As shown in Fig.
3, the sequence ultimately selected by SAAB for optimized
binding of FIhD,C, to the fliA promoter is (A/g)AA(T/A)(A/
t)(A/g) at positions 11 to 16 of section B, CTAATCG at posi-
tions 33 to 39 of section D2/D3, and GATT(A/g)A at positions
43 to 48 of section E2/E3. The sequence distribution of the
three segments is very similar to the wild-type fli4 sequence
and consists of mostly As and Ts. This result is not surprising,
since the wild-type fliA promoter sequence is optimal for prop-
erly regulated transcription activation, but it does highlight the
importance of A/T base pairs as binding targets of FIhD,C,.
Identification of bases required for FIhD,C,-activated flid
transcription. In order to determine which bases in the
FIhD,C, binding sites (sections B, D2/D3, and E2/E3) are
required for fli4 promoter activity, B-galactosidase activity was
measured in a population containing derivative fli4 promoter-
lacZ fusions with randomly mutated bases in sections B1 and
B2. The population of degenerated sequence of 5 bp was 4°
(1,024), and the number of samples screened in sections Bl
and B2 was, respectively, 29 and 28, which was 3% of the
population. As is shown in Fig. 4A and C, the screened samples
covered a range of activities from high to low that was consid-
ered representative of the whole population. The results indi-
cated that As at positions 12 and 15, in sections B1 and B2,
respectively, are positively correlated with high fli4 transcrip-
tion, while other wild-type bases in these sections are widely
distributed throughout the sequences in all samples (Fig. 4A
and C). The frequency at which a particular base appeared at
a specific position in the top 1/4 and top 1/2 activity groups was
analyzed, and the mean activity was calculated based on these
subsets of data (see Materials and Methods). Since every base
in the sequence of each section contributes to the activity; the
mean activity contributed by an individual base at each posi-
tion can be calculated. As shown in Fig. 4B, no specific base
appeared 100% of the time at any single position in the top 1/2
activity group of section B1. However, in the top 1/4 activity
group, an A at position 12 was found 75% of the time, and it
possessed the highest average activity (32%; 2.3-fold above the
average of all samples) (Fig. 4B, lower panel). When bases in
section B2 were examined, a 100% frequency of occurrence of
an A at position 15 was found in both high-activity groups

complementary mutations in section D2 [positions 33 to 35] and section D3 [positions 36 to 39], respectively). The promoter activity was followed
by measuring B-galactosidase activity in three independent experiments. Error bars represent standard deviations of the means. (B and D) The
frequency of each base at each position in the top 1/4 (upper graphs) and the top 1/2 (middle graphs) high activity groups and the average activity
contributed by each base at each position (bottom graphs). In the bottom graphs of panels B and D, the x axis crosses the y axis at the mean value

of the activity of all samples for sections D2 and D3, respectively.
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TABLE 1. Frequencies of purines and pyrimidines appearing at
positions 46, 47, and 48

Frequency (%) of base” at position:

Activity
group 46 47 48
R¢ Y R Y R Y
Top 1/4 29 71 100 0 100 0
Top 1/2 50 50 100 0 79 21
Total 54 46 68 32 64 36

“R, purine; Y, pyrimidine.

(100% probability in both), with a notable mean activity (65%;
2.1-fold above the average of all samples) (Fig. 4D). Similarly,
an A at position 13, an A at position 16, and a C at position 18
each had notable mean activities, but the frequencies of ap-
pearance of each of these bases were not distinguishable from
the background.

Similar results occurred when sections D2, D3, and E2 were
examined (Fig. 5 and 6). As shown in Fig. 5A and C and 6A, a
T at position 34 (section D2), an A and a T at positions 36 and
37 (section D3), respectively, and an A and a T at positions 44
and 45 (section E2), respectively, were each positively corre-
lated with high fliA transcription. T>* occurred with 83% fre-
quency in the top 1/4 high activity group and produced signif-
icant activity (2.7-fold above the average of all samples in
section D2) (Fig. 5B, top and bottom panels). A*® and T*’
occurred at 75% and 80% frequencies, respectively, in the top
1/4 high activity group and had significant activities (2.5-fold
and 3.3-fold above the averages of all samples, respectively, in
section D3) (Fig. 5D, top and bottom panels). A** and T*
both had significant activities in section E2 (2.6-fold and 4.2-
fold above the averages of all samples, respectively), and T*
occurred at 100% frequency in both the top 1/2 and the 1/4
high activity groups (Fig. 6B).

Section E3 (Fig. 6C) exhibited a different pattern of base
selection from the other sections. First, the mean activity de-
creased at a lower rate and most of the samples retained
substantial activity, and second, the wild-type bases at all three
positions spread out evenly among the screened samples (Fig.
6C). These observations suggest that there is no predominant
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position in the E3 group at positions 46 to 48, despite the
evidence from other methods (Fig. 2) that indicates its impor-
tance. The lack of one or more predominant bases was also
observed in the frequency and the mean activity data (Fig. 6D).
However, a striking observation was made when the frequen-
cies of appearance of purines versus pyrimidines (frequency of
appearance among the sample numbers in the group) at these
three positions were calculated: the presence of purine (A or
G) was dominant at positions 47 and 48 and correlated with
high activity. A similar preference for either purines or pyrim-
idines at position 46 was not as obvious (Table 1).

Specificity of the important bases for FIhD,C,-activated fli4
promoter activity. To measure the specificity of the sequence
identified from the promoter activity screening (Fig. 4 to 6),
single mutations were introduced directly at positions 12, 15,
34, 36, 37, 44, and 45 to change the sequence to each of the
other three bases. Most of the mutations reduced the activity
to 40% or less, but there were two exceptions: A—T>° and
A—T* (Fig. 7). These changes resulted in 80% and 60% mean
activity, respectively. Taken as a whole, the results demon-
strated that A'%, A", T**, T37, and T* are highly specific for
FIhD,C,-dependent fliA promoter activity and that positions
36 and 44 are A/T specific. Significantly, these results showed
that these seven bases form an asymmetric FIhD,C, site on
fliA, making this a unique feature of this regulatory protein
complex.

DISCUSSION

In this study, we refined the FIhD,C, consensus sequence
based on the functional activity of each respective base com-
prising the footprint on the fliA promoter. The data demon-
strated that only 7 bases are required for FIhD,C, binding and,
surprisingly, the binding site is asymmetric. We used the fli4
promoter, a flagellar class II promoter bearing a determined
FIhD,C,-protected sequence, as an experimental model and
found that only 3/5 of the footprint region in this promoter was
required for FIhD,C, binding. More significantly, the results
from a SAAB selection further showed that FIhD,C, binds to
A/T base pairs, and only A'2, A", T3 A3 T, A* and T%
are required, with A'?, A", T>* T%7, and T* being highly
specific for the function of the FIhD,C, complex. The
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FIG. 7. Activity of mutations at A'%, A5, T3 A3° T3 A* and T* in the fli4 promoter. B-Galactosidase activities of samples with single
mutations at position 12, 15, 34, 36, 37, 44, and 45 were measured in three independent experiments. Error bars represent standard deviations of
the means. The percentage of activity of each sample (normalized to the wild type) is shown. The 100% activity level was given to the wild type

at each position.
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FIG. 8. The FIhD,C, binding sequence. (A) Positional dependence of nucleotides required for FIhD,C,-dependent fli4 promoter activity. The
height of each sequence logo corresponds to the average activity contributed by each base at each position. Arrowheads indicate the bases with
high specificity to fli4 promoter activity. (B) The sequence of the FIhD,C, footprint in the E. coli fliA promoter (32). Underlined bases represent
those selected from SAAB. (C) The consensus sequence of class II flagellar promoters from S. Typhimurium (21). (D) The consensus FIhD,C,
binding sequence proposed from informatic alignment of 12 class II promoters from E. coli (fliA, flhB, and fliL), S. Typhimurium (fli4, flhB, fliL,
figA, fiE, and fliF), and P. mirabilis (flhB, fliA, and figA-flgB) (13). (E) The FIhD,C, consensus binding sequence (inverted half-sites separated by
11 to 12 bp) as proposed by Wozniak and Hughes. The heights of logos represent the degree of conservation of a given base at a given position
within alignment, i.e., a larger letter indicates greater conservation of that nucleotide (66).

resulting consensus sequence resulting from these results is
ANNAN, s TN(A/T)TN(A/T)T.

The consensus sequence proposed is not the first for the
FIhD,C, binding site. Other groups have also proposed con-
sensus sequences for FIhD,C, recognition, but what makes the
current results noteworthy is that we used a single FIhDC-
regulated promoter, fliA, and experimentally determined
which bases were important for recognition and function of the
protein complex. In earlier reports, Ikebe et al. proposed a
weakly conserved, imperfectly inverted sequence motif, GCA
ATAAN,;_,TTATTCC, for FIhD,C, binding to flagellar class
II promoters of S. Typhimurium (21). These binding half-sites
are similar but not homologous to the sequences of sections B
and D in the fli4 promoter of E. coli identified herein (Fig. 8),
and furthermore, our results showed that the sequence adja-
cent to the downstream half-site found by Ikebe et al. (our
section E) is also required for FIhD,C, function. In another
study, Claret and Hughes proposed a large imperfectly palin-
dromic motif as the FIhD,C, binding consensus sequence, of
which each half-site is a weakly conserved inverted repeat,
TNAA(C/T)G(C/G)N,_;AAATA(A/G)CG, separated by a 10-
to 12-nucleotide spacer (Fig. 8) (13). Although this sequence is
present in all E. coli flagellar class II promoters (56), our
results indicated that only 7 bases of it are required for
FIhD,C, function. Recently, Wozniak and Hughes combined
in silico and genetics tools to construct a sequence for flagellar
class II (FIhD,C,-specific) promoters. Our results agreed with
their findings that bases equivalent to A'2, A'%, T34, T37, A%,
and T* in the present study are highly preferred in the se-
quence alignments and have strong impact on the fli4 pro-
moter of S. Typhimurium (Fig. 8) (66). The significant differ-
ence is that the approach used by Wozniak and Hughes relied
on the conservation of nucleotides backed up with genetic
mutagenesis, while our approach selected directly and without
bias for base changes that improve the function (DNA binding
and transcription), thereby emphasizing function rather than
nucleotide sequence conservation.

The current results revealed a surprising nature of FIhD,C,:

it binds to an asymmetric site defined by 7 bases in the fli4
promoter, which does not require the first 10 bp (section A) of
the FIhD,C, footprint sequence. In this context, it is notewor-
thy that FIhD,C, produces a large footprint (~50 bp) and
bends the DNA that it binds to by 111° (7, 63). In most bac-
terial transcriptional regulatory proteins, a large DNA foot-
print (>30 bp) usually results from binding of multiple iden-
tical subunits, which in turn cause the target DNA to bend (6,
8, 34, 52). Examples are regulatory proteins in the LysR family
(34, 48), H-NS (29, 61), and Lrp (41). The size of such regu-
latory proteins is relatively small (LysR family, ~30 kDa;
H-NS, 16 kDa; Lrp, 15 kDa) compared to the length of their
protected DNA fragments. Importantly, binding sites with
large DNA footprints frequently result from multiple symmet-
ric contacts. There are exceptions, e.g., IHF is a special case
that causes asymmetric DNA binding (14, 68).

IHF, a heteromeric regulator in E. coli, shares similar char-
acteristics with FIhD,C, in both its structure and DNA bind-
ing. IHF (i) folds into a symmetric heteromeric complex, (ii)
protects large DNA fragments (32 to 48 bp) from DNase I
footprinting with DNA bending, and (iii) has an asymmetric
consensus binding sequence (i.e., WATCAANNNNTTR, lo-
cated at the 3'-half of its footprint region) (14, 18, 68). IHF is
a heterodimer consisting of two homologous (30% similarity)
subunits, IHF-a and IHF-B (44). Despite the differences in
their primary sequences, the architectures of IHF-a and IHF-3
are very similar, and they form a symmetric heterodimer com-
plex. The IHF-DNA crystal structure indicates that the large
footprint is due to DNA wrapping around the regulator with
two sharp bends in minor grooves. However, the structure
shows that, in fact, the DNA binding residues of IHF contact
mostly the phosphodiester backbone rather than bases of the
DNA. This implies that IHF recognizes DNA conformation
(specifically, the minor groove) rather than the sequence spec-
ificity of the DNA (44). While the crystal structure of F1hD,C,
has not been completely determined, the current data suggest
that the FIhD,C, complex has dyad symmetry (7, 63). The lack
of data about FIhD,C, structure makes understanding how the
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DNA binding sites fit into the geometry of the FIhD,C, com-
plex difficult. Therefore, it remains unknown how a symmetri-
cally folded F1hD,C, complex recognizes an asymmetric bind-
ing site.

Prior to the current study, much of what we knew about the
FIhD,C, binding site was derived from bioinformatic ap-
proaches, e.g., sequence alignments, frequency statistics, and
matrix searches of genomes that were applied to identify a
consensus binding sequence. Although conserved sequences
have been found in homologous class II flagellar promoters
from different genomes, the former attempts to identify the
FIhDC binding sequence lacked biological significance and
activity, as was determined in the current study. The current
results revealed that bases in the consensus sequence are not
equally important to FIhDC activity, in contrast to informati-
cally derived results that assumed the frequency of finding a
nucleotide within sequence entries from different databases
reflected the physiological importance of that nucleotide.
Thus, the current results provide important new experimental
data that further define the FIhD,C, binding site consensus
sequence and its physiologically relevant bases. The currently
defined sequence may serve as the primary elements for
FIhD,C, regulation, and the remaining nucleotides in FIhD,C,
regulatory promoters may work to fine-tune transcription.
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