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The sigma 28 kDa (�28) factor is a transcription factor specific for the expression

of bacterial flagellar and chemotaxis genes. Its antisigma factor, FlgM, binds �28

factor and inhibits its activity as a transcription factor. In this study, crystals of

the complex between Escherichia coli �28 and the C-terminal �28-binding region

of FlgM were obtained. The crystals belong to space group P3121 or P3221, with

unit-cell parameters a = b = 106.7 (2), c = 51.74 (3) Å, containing one complex in

the crystallographic asymmetric unit. An X-ray intensity data set was collected

to a resolution of 2.7 Å.

1. Introduction

Transcription is facilitated by RNA polymerase, which has a

sequence-specific affinity for the regions 50 to coding sequences,

which are known as promoters. Bacterial RNA polymerase is a

hetero-multimeric complex of five essential protein subunits. Four

subunits, �2��
0, form a stable complex known as core RNA poly-

merase, although this complex exhibits no specific binding to the

promoter. The promoter recognition requires another subunit,

represented by sigma factors, which binds core RNA polymerase to

form the holoenzyme. Bacteria possess two families of sigma factors,

�70 and �54. In the �70 family, multiple sigma factors are present and

share high sequence homology at the amino-acid level. These sigma

factors display different promoter specificities, providing one

mechanism for global regulation of transcription. A set of genes can

be coordinately expressed if their promoter sequences are recognized

by a single sigma factor.

Regulation of transcription in the flagella biosynthetic pathway

organizes the flagellar genes into a transcriptional hierarchy of three

classes: class 1, class 2 and class 3 (Kutsukake et al., 1990). �28 is a

flagellar-specific alternative sigma factor that belongs to the �70

family and is necessary for transcription from class 3 promoters (Liu

& Matsumura, 1995). Interestingly, FlgM directly binds �28 to prevent

its interactions with core RNA polymerase and with class 3 promoter

DNAs (Kutsukake & Iino, 1994). Thus, FlgM is the negative

regulatory protein for class 3 gene expression and is referred to as an

anti-�28 factor. FlgM is responsible for sensing completion of the

hook–basal body (HBB) structure in order for class 3 promoters to be

transcribed. The interaction between �28 and FlgM has been inves-

tigated using NMR spectroscopy, which has shown that FlgM was

mostly unstructured by itself in solution. Interestingly, the C-terminal

half of FlgM is responsible for �28 binding and the adoption of a

structured form in the presence of �28 (Daughdrill et al., 1997). This

finding suggests the biological importance of unfolded protein

(Plaxco & Gross, 1997).

Bacteria utilize different classes of antisigma factors (Hughes &

Mathee, 1998). Studies in recent years have investigated the crystal

structures of bacterial core RNA polymerase and holoenzyme from

Thermus aquaticus (Zhang et al., 1999; Murakami, Masuda, Campbell

et al., 2002; Murakami, Masuda & Darst, 2002) and bacterial sigma

factors, including antisigma factors such as SpoIIB and RseA

(Campbell et al., 2002, 2003). These structural investigations have

revealed different modes of interactions of sigma factors with core

enzymes and antisigma factors and also variable interactions between
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each sigma factor and its antisigma factor. Although the amino-acid

sequences of �28 factors are conserved with more than 35% identity,

those of anti-�28 factors display less than 20% identity. This may

provide the basis for versatility of interactions between �28 factors

and anti-�28 factors in different species of bacteria. In this study, we

investigated crystals of Escherichia coli �28 factor in complex with the

�28-binding region of its anti-�28 factor, FlgM.

2. Methods

2.1. Cell culture

The expression plasmid for full-length �28, pETSF (Kundu et al.,

1997), was transformed into E. coli strain BL21Star(DE3) (Invi-

trogen). The cells were grown at 310 K in Luria–Bertani (LB)

medium containing 50 mg ml�1 ampicillin. When cultures reached an

OD660 of 0.8, isopropyl �-d-thiogalactopyranoside (IPTG) was added

to a concentration of 0.1 mM to induce expression of the gene.

Cultures were grown for an additional 3 h after IPTG induction at

310 K. The cells were then harvested by centrifugation at

6000 rev min�1 (Beckman J2-M1 JA10 rotor) for 20 min at 277 K.

E. coli FlgM consists of 97 amino-acid residues. The cDNA sequence

corresponding to residues 47–97 of E. coli FlgM was amplified by

PCR and cloned into a pET vector using NdeI and XhoI restriction

sites, a His6 tag being fixed at the carboxyl-terminus by means of a

two-residue (Leu-Glu) tether (Dubendorff & Studier, 1991). The

absence of errors in the sequence was confirmed by DNA sequencing.

The expression plasmid for the FlgM fragment was transformed into

E. coli strain BL21(DE3) (Invitrogen). When cultures reached an

OD660 of 0.6 at 310 K, IPTG was added to a concentration of 1 mM.

Cultures were grown for an additional 5 h after IPTG induction at

298 K. The cells were then harvested in the manner used for �28.

For multiwavelength anomalous dispersion (MAD) experiments,

expression plasmids for both �28 and the �28-binding region of FlgM

were introduced into the E. coli methionine auxotroph

B834(DE3)pLysS (Novagen). The selenomethionine-substituted

(SeMet) proteins of �28 and the �28-binding region of FlgM were

induced in a manner similar to the native proteins, with the exception

that LeMaster medium (Hendrickson et al., 1990) was used to guar-

antee complete substitution of the methionines with selenomethio-

nine. However, the expression levels of the genes for both SeMet

proteins were very low. Next, the protocol for selenomethionine

incorporation by metabolic inhibition was attempted (Van Duyne et

al., 1993; Doublié, 1997). This technique is based on the inhibition of

methionine biosynthesis and does not need the use of a methionine-

auxotroph strain, requiring neither transformation nor transduction.

Cells were grown to the mid-log phase before addition of the amino

acids needed for the inhibition of methionine biosynthesis. Induction

by IPTG to a concentration of 0.1 mM was performed 30 min after

addition of the amino acids. Cultures were grown for an additional 5 h

after IPTG induction. The cells were then harvested in the manner

used for native proteins.

2.2. Purification

All steps of protein purification were carried out at 277 K. Initially,

full-length �28 and the �28-binding region of FlgM were purified and

concentrated separately. However, the purified �28-binding region of

FlgM aggregated immediately in solution. Therefore, the protocol

was changed to co-purify �28 with the �28-binding region of FlgM as a

protein complex because �28 has a high binding affinity for FlgM

(Kd = �2 � 10�10 M; Chadsey et al., 1998). Cell pellets for each

protein were mixed and suspended in 20 volumes of ice-cold lysis

buffer (50 mM Tris–HCl pH 8.0, 300 mM NaCl). The mixed pellets

were homogenized with a BeadBeater (BioSpec Products). The crude

lysate was centrifuged at 19 000 rev min�1 (Beckman J2-M1 JA20

rotor) for 50 min at 277 K. The supernatant fraction was then

collected and filtered before being loaded onto an Ni-chelating

column (Amersham Biosciences) equilibrated with a buffer

containing 100 mM Tris–HCl pH 8.0 and 300 mM NaCl. The column

was washed with five bed volumes of the equilibration buffer to

remove nonspecific binding proteins and the sample was then eluted

with a step-wise imidazole gradient (50–500 mM). This eluate

containing the complex was concentrated to a volume of 2 ml and

applied onto a Superdex 75 pg gel-filtration column (Amersham

Biosciences) equilibrated with a buffer containing 10 mM Tris–HCl

pH 8.0, 100 mM NaCl and 0.1 mM EDTA. The presence of both full-

length �28 and the �28-binding region of FlgM in the eluate fraction

containing the complex was confirmed by polyacrylamide gel

electrophoresis in the presence of 0.1%(w/v) sodium dodecyl sulfate

(SDS–PAGE) and this fraction was concentrated to 35 mg ml�1.

N-terminal sequence analysis (M492, Applied Biosystems), matrix-

assisted laser desorption/ionization time-of-flight mass spectroscopy

(MALDI–TOF MS; PerSpective) and dynamic light-scattering

measurements (DynaPro-801, Protein Solutions) were performed to

validate the purity and stability of the resulting sample.

2.3. Crystallization

Crystals were obtained at 293 K using the sitting-drop vapour-

diffusion technique in six-depression glass plates (Waken, Japan).

The protein solution contained 100 mM Tris–HCl pH 8.5, 100 mM

NaCl, 1 mM �28 and 1 mM of the �28-binding fragment of FlgM. A

reservoir solution of 18%(w/v) polyethylene glycol 6000 (PEG 6000),

100 mM Tris–HCl pH 8.5 and 200 mM Li2SO4 was used. The protein

solution was mixed in a 1:1 ratio with the reservoir solution. Clusters

of very small needle crystals (maximum dimensions 5 � 5 � 50 mm)

appeared in a week and some of the crystals grew in a month to

typical dimensions of 80 � 120 � 400 mm.

2.4. Data collection and processing

All data were collected from frozen crystals at 100 K. Before

freezing the crystals in a stream of nitrogen gas, the crystal for data

collection was transferred into a cryoprotective solution containing

20%(v/v) PEG 200 and the reservoir solution [18%(w/v) PEG 6000,

100 mM Tris–HCl pH 8.5 and 200 mM Li2SO4] and then mounted on
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Figure 1
A native crystal of full-length �28 in complex with the �28-binding region of FlgM.
The approximate dimensions of this crystal are 80 � 120 � 400 mm.



a rayon loop. Intensity data were collected at SPring-8. All data were

processed and scaled with MOSFLM and SCALA (Collaborative

Computational Project, Number 4, 1994).

3. Results and discussion

Optimization of the protein-purification protocol described above

was crucial for successful crystallization because although full-length

�28 and the �28-binding region of FlgM were highly purified sepa-

rately, the latter aggregated immediately in the �28-free state. An

additional gel-filtration column-chromatography step was also

needed to remove other aggregated proteins. As a result of the

modified purification protocol, a more stable protein complex was

consistently obtained and single crystals grew within a month with

typical dimensions of 80 � 120 � 400 mm (Fig. 1). SDS–PAGE and

MALDI–TOF MS analysis confirmed that the crystals contained both

full-length �28 and the �28-binding region of FlgM. The gel showed

that the crystals contain both proteins (Fig. 2). MALDI–TOF MS

peaks of 27 506 Da (calculated molecular weight of 27 521 Da) and

6789 Da (calculated weight of 6777 Da) were observed for �28 and

the �28-binding region of FlgM, respectively. The crystals diffracted

X-rays to a resolution of 2.7 Å (Fig. 3) and belong to space group

P3121 or P3221, with unit-cell parameters a = b = 106.7 (2),

c = 51.74 (3) Å. A complete data set was collected to a resolution of

2.9 Å using a single crystal. Table 1 summarizes the detailed statistics

for data collection. A Matthews coefficient (Matthews, 1968) of

2.4 Å3 Da�1 was calculated assuming one protein complex with an

approximate molecular weight of 35 k Da in the asymmetric unit,

which corresponds to 49% solvent content by volume.

In the early stages of this project, we tried to crystallize the

complex between full-length FlgM and �28 factor. However, these

attempts were unsuccessful. The N-terminal half of full-length FlgM

is flexible even in the complex with �28 factor (Daughdrill et al., 1997),

which probably made it difficult to crystallize the complex. Recently,

the crystal structure of the complex between Aquifex aeolicus � and

FlgM has been reported (Serenson et al., 2004). This structure

contains a full-length FlgM and most of the FlgM polypeptide was

found to be structured, which is contradictory to the NMR and

biochemical data (Daughdrill et al., 1997). Our structure could shed

light on this contradiction.

To facilitate structure determination of the protein complex

between full-length �28 and the �28-binding region of FlgM using the

MAD method, SeMet proteins for both full-length �28 and the

�28-binding region of FlgM were prepared and crystallized. Although

the preparation using the E. coli methionine-auxotroph strain failed,

selenomethionine incorporation by metabolic inhibition was

successful and sufficient sample for crystallization was obtained.

Validation of the success of the substitution of methionine for sele-

nomethionine was obtained using MALDI–TOF MS (PerSpective).

Peaks of 27 737 Da (calculated molecular weight of 27 755 Da) and

6917 Da (calculated weight of 6917 Da) were observed for the SeMet

proteins �28 and the �28-binding region of FlgM, respectively. Crys-

tallization conditions similar to the native protein complex produced

very small single crystals, with maximum dimensions of 30 � 30 �

250 mm. Data collection of SeMet protein crystals and an associated

structure determination using MAD data is in progress. The crystal
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Figure 2
SDS–PAGE of molecular-weight markers (left lane) and the complex crystals (right
lane). The molecular weights of the markers are indicated (kDa). The bands for
full-length �28 and the �28-binding region of FlgM are also indicated.

Figure 3
X-ray diffraction image of the native crystal of full-length �28 in complex with the
�28-binding region of FlgM.

Table 1
Crystal data and data-collection statistics of the native crystal.

Values in parentheses are for the last shell.

X-ray source BL41XU, SPring-8
Wavelength (Å) 1.0000
Detector MAR CCD
Oscillation angle (�) 1.0
Exposure time (s) 5.0
Distance (mm) 180
No. of frames 135
Temperature (K) 100
Resolution range (Å) 20–2.9 (3.06–2.90)
Space group P3121 or P3221
Unit-cell parameters (Å)† a = b = 106.7 [2], c = 51.74 [3]
Observed reflections 61026
Unique reflections 7540
Rsym‡ 0.077 (0.316)
hI/�(I)i 7.8 (2.3)
Completeness 0.982 (0.982)
Multiplicity 8.1
Mosaicity (�) 0.6

† The values in square brackets are standard deviations. ‡ Rsym =P
h;i jIh;i � hIhij=

P
h;i Ih;i , where Ih,i is the intensity of the ith measurement of reflection

h and h Ihi is the mean value of Ih,i for all i measurements.



structure of E. coli flagellar sigma factor �28 in complex with the

�28-binding fragment of its anti-�28 factor FlgM will not only provide

valuable results on the role of FlgM in the flagellar regulatory system,

but insights into the notion that proteins are dynamic systems.
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