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The flagellar motor is composed of the stator and the
rotor, and the interaction between the stator and the
rotor at the cytoplasmic region is believed to produce
mechanical force for the rotation of flagella. The peri-
plasmic region of the stator has been proposed to play
an important role in assembly around and incorporation
into the motor. In this study, we provide evidence sug-
gesting that the periplasmic region of the stator com-
ponent MotB interacts with the P-ring component Flgl,
which functions as a bearing for the rotor along with
the L-ring protein FilgH, from a site-directed disulphide
cross-linking approach. First, we prepared four Flgl
and three MotB cysteine-substituted mutant proteins
and co-expressed them in various combinations in
Escherichia coli. We detected cross-linked combinations
of Flgl G11C and MotB S248C when treated with the
oxidant Cu-phenanthroline or bismaleimide cross-linkers.
Furthermore, we performed Cys-scanning mutagenesis
around these two residues and found additional combin-
ations of cross-linked residues. Treatment with a proto-
nophore CCCP significantly reduced the cross-linking
efficiency between Flgl and MotB in flagellated cells,
but not in non-flagellated cells. These results suggest a
direct contact between MotB and FIgl upon assembly of
the stator into a motor.

Keywords: bacterial flagella/disulphide bond/
Escherichia coli/P ring/stator.

Abbreviations: BMB, 1,4-bis(maleimido)butane;
BMH, bis(maleimido)hexane; BMOE, bis(maleimido)
ethane; CCCP, carbonyl cyanide m-chlorophenylhy-
drazone; DMSO, demethylsulfoxide; DPDPB, 1,4-di-
[3’-(2'-pyridyldithio)propionamido]butane; DTNB,
5,5-dithiobis-2-nitrobenzoic acid; PG, peptidoglycan;
PGB, peptidoglycan binding; TM, transmembrane;
TMEA, tris-[2-maleimidoethyl]lamine.

The bacterial flagellum is an organelle for locomotion
that rotates like a screw. Each flagellum consists of
three substructures: a long helical filament extending

from the cell body, a motor that is embedded in the cell
membrane and a flexible hook that connects these two
structures. Flagellar rotation is generated by the
motor, which is composed of a basal body (a rotor)
and a stator. In Gram-negative bacteria such as
Escherichia coli and Salmonella enterica serovar
Typhimurium, the flagellar basal body consists of sev-
eral ring structures surrounding a rod that penetrates
the cell envelope (/). The L, P and MS rings are located
in the outer membrane, the periplasm or the peptido-
glycan (PG) layer and the cytoplasmic membrane, re-
spectively, whereas the C ring lies on the cytoplasmic
side of the MS ring (Fig. 7B). On the other hand, the
stator is a membrane protein complex that conducts
protons to generate torque (2—5). The driving force for
rotation of the flagellar motor is generated by convert-
ing the electrochemical proton gradient into mechan-
ical force.

The P ring forms a stiff cylindrical structure along
with the L ring (6). The L—P ring complex is believed
to hold the central rod as a bushing; thus it is thought
to be a non-rotating component. The P ring consists of
26 copies of a single protein, Flgl (7, 8), which is ex-
pressed as a precursor form with a cleavable
N-terminal 19 amino acid leader sequence. Flgl is ex-
ported to the periplasmic space via the Sec apparatus
(9) and assembles into the P ring surrounding the rod
in the presence of FlgA which acts as a periplasmic
chaperon (10, 11). The mature Flgl forms an intramo-
lecular disulphide bond for stabilization of the protein
(12, 13). We have previously performed systematic Cys
mutagenesis on the Flgl protein, and identified the
residues that are important for protein stability and
cell motility, and the residues that are exposed to solv-
ent on the surface of the protein (/4). From this ana-
lysis we have proposed that the highly conserved
N-terminal region of Flgl is important in maintenance
of the structure of Flgl or formation of an interface
with other flagellar proteins or with itself.

The stator is composed of two membrane proteins in
E. coli, MotA and MotB. MotA has four transmem-
brane (TM) regions and a large cytoplasmic loop (15),
whereas MotB has a single N-terminal TM region and
a large C-terminal periplasmic region (/6). Four MotA
and two MotB proteins constitute one stator complex
(17-20), and at least 11 stators are thought to sur-
round the basal body (27). The cytoplasmic loop of
MotA is widely believed to electrostatically interact
with FliG, resulting in torque generation (22). The
C-terminal periplasmic region of MotB has a consen-
sus peptidoglycan-binding (PGB) motif, so MotB is
believed to associate with the PG layer via this
region to stabilize the stator around the basal body
(23, 24). Recently crystal structures of the C-terminal
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periplasmic region of MotB from Helicobacter pylori
(25) and S. enterica serovar Typhimurium (26) have
been reported and turned out to be very similar in
domain structure to Pal, which also has the PGB
motif and has been demonstrated to bind to the PG
layer (27—30). Consistent with this similarity, we have
reported that a chimeric protein that has the
N-terminal TM region of MotB and the C-terminal
periplasmic region of Pal of E. coli is partially func-
tional if it has only a single mutation at its junction site
(31). FRAP analysis of a single motor observation re-
vealed that the stator complexes incorporated into the
basal body are exchanged frequently with the ones pre-
sent in the membrane pool around the motor (32).
Furthermore, in Vibrio (33) and Shewanella (34) spe-
cies, the stator association and dissociation, or their
exchange, are dependent on their coupling ions.
These recent findings revealed that the movement of
the stator complex seems more dynamic than we pre-
viously thought. This view raised some questions: how
and where does the stator recognize and target to the
basal body when the membrane-pooled stator complex
assembles around the basal body?

Deletion analysis of the C-terminal region of PomB
(35), which is a Vibrio homolog of MotB, and fluores-
cent observation of the GFP-fused C-terminal-
truncated PomB (36) have revealed that the
C-terminal PGB region is essential for assembly of
the stator complex around the flagellar basal body.
Moreover, in Salmonella species, since over-expression
of the C-terminal periplasmic domain of MotB strong-
ly inhibits motility of wild-type cells when it is exported
into the periplasm, we have proposed that the
C-terminal periplasmic domain of MotB plays an im-
portant role in proper assembly of the stator complex
into a motor (37). In Vibrio species, the T ring, which is
composed of MotX and MotY, is located on the peri-
plasmic side of the P ring. In the absence of MotX
and/or MotY, the stator complexes cannot be localized
to the flagellated cell pole where the basal body or the
rotor is located (38). This suggests that the T ring inter-
acts with the stator complex via the interaction be-
tween MotX and PomB (39). From this evidence the
T ring is proposed to play an essential role in the in-
corporation and stabilization of the stator in Vibrio. In
contrast, bacteria such as E. coli and Salmonella do not
possess MotX and MotY, raising the possibility that
the P ring may have a similar role to the T ring for
incorporation of the stator into the motor.

To test whether the P ring and the stator directly
contact with each other in a functional motor, we
examined cross-linking experiment between the com-
ponent proteins, Flgl and MotB. As described above,
we have systematically generated a series of
Cys-substituted mutants of Flgl, and recently we did
a similar analysis for the periplasmic region of MotB
(14, 31). Therefore, we co-expressed these mutant pro-
teins in various combinations, and examined the for-
mation of disulphide cross-links between them. We
detected disulphide cross-bridges in some combin-
ations and further analysed these cross-linked
products.
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Materials and Methods

Bacterial strains, growth conditions and media

The E. coli strains used in this work are listed in Table 1. E. coli cells
were cultured at 37°C or at 30°C in LB medium (1% Bacto tryptone,
0.5% yeast extract and 0.5% NaCl) or in TG medium [1% Bacto
tryptone, 0.5% NaCl and 0.5% (w/v) glycerol]. When necessary,
ampicillin and kanamycin were added to a final concentration of
50 pg/ml. Expression from the araBAD promoter was induced by
adding 0.04% vr-arabinose to cultures.

Construction of plasmids

To construct Cys-substituted Flgl or MotB variants, site-directed
mutagenesis using Pfu Ultra High-Fidelity DNA Polymerase
(Stratagene) was performed as described previously (/4).

Detection of proteins

Immunoblotting analysis was performed using anti-E. coli Flgl anti-
bodies (Flgl346, 13) or anti-E. coli MotB peptide antibodies
(MotB2, 31), as described previously.

Motility assays

Swarming ability was assayed as follows. Two microlitres of over-
night cultures (grown on LB medium at 37°C) were dropped on a
soft agar T broth plate (1% Bacto tryptone, 0.5% NaCl and 0.27%
Bacto agar) containing 50 pg/ml ampicillin and kanamycin. To
induce protein production, 0.04% L-arabinose was included in the
plate. The plates were incubated at 30°C for indicated time.

Disulphide cross-linking by Cu-phenanthroline

In vivo disulphide cross-linking was performed in the presence of
Cu(I)(1,10-phenanthroline); (referred to as Cu-phenanthroline in
this article) by a previously described method (37) with slight modi-
fications. Sixty micro molar Cu-phenanthroline solution [60 mM
Cu(ISO4-5H,0, 200mM  1,10-phenanthroline  monohydrate
(nakalai tesque), SOmM NaHPO, (pH 7.8)] was stored at —20°C
in the dark. Cells in exponential growth phase (ODggo=1.0) from
0.8 ml of TG medium containing 50 pg/ml ampicillin and kanamycin
and 0.04% vL-arabinose at 30°C were harvested by centrifugation,
and suspended in 1 ml of Wash buffer (10 mM potassium phosphate
buffer, pH 7.0, containing 0.l mM EDTA-K). Cells were divided
into two aliquots, then centrifuged and resuspended in 100 pl of
MLM buffer (Wash buffer containing 10 mM pr-lactate/KOH and
0.1 mM r-methionine). To each sample was added 100 pl of MLM
buffer with or without 2mM Cu-phenanthroline (final concentration
of 1 mM) and incubated at room temperature for 30 min. in the dark.
To stop the reaction, 40 ul of 6 x Stop solution (210 mM Tris-HCI,
pH 7.0, I5mM EDTA-Na, pH 7.0, I5mM N-ethylmaleimide) was
added. Each sample was centrifuged again and washed with 500 pl of
Wash buffer. Washed samples were centrifuged, resuspended in 20 pl
of SDS loading buffer without 2-mercaptoethanol and boiled at
100°C for Smin. Samples were separated by SDS-PAGE and
analysed by immunoblotting.

Table 1. Escherichia coli strains and plasmids.

Strain or Genotype or References or
plasmid description source
Strains
RP437 F~ thi thr leu his met eda rpsL, (46)
wild-type for chemotaxis
YZ12-1 RP437 Aflgl AmotAB::cat (14)
RP3098 A(flhD-flh A)4 47)
Plasmids
pBAD24 Pgap araC Amp" 48)
pSU38 Pjac lacZo Km" (49)
pINT726 pBAD24 Ec motAB (14)
pYZ301 pSU38 Ec figl (14)

Amp", ampicillin resistant; Km', kanamycin resistant;
Pgap, araBAD promoter; Py,., lac promoter; Ec, Escherichia coli.
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Disulphide cross-linking by bismaleimide cross-linkers

In vivo disulphide cross-linking using bis(maleimido)hexane (BMH),
1,4-bis(maleimido)butane (BMB) or bis(maleimido)ethane (BMOE)
(all cross-linkers from Pierce Biotechnology) was performed as
described below. Each cross-linker was stored as a 20mM stock
solution in demethylsulfoxide (DMSO) at —20°C in the dark. Cells
were grown to exponential growth phase (ODggo=1.0) in TG
medium containing appropriate antibiotics and 0.04% r-arabinose
at 30°C and were harvested from 1.6 ml cultures by centrifugation at
25°C and suspended in 1 ml of Wash buffer. Cells were centrifuged
again and resuspended in 400 ul of MLM Buffer. Cells were divided
into four aliquots and 100 pul of MLM Buffer containing 0, 4, 40 or
400 uM of each cross-linker (final concentrations were 0, 2, 20 or
200 uM, respectively) was added, and samples were incubated at
room temperature for lh in the dark. After incubation each
sample was centrifuged and washed with 500 pl of Wash Buffer. If
necessary, free swimming of the cells was observed using dark-field
microscopy. Each sample was centrifuged, resuspended in 20 ul of
SDS loading buffer containing 2-mercaptoethanol and boiled at
100°C for 5min. Samples were separated by SDS—PAGE and ana-
lysed by immunoblotting.

CCCP treatment

Treatment with the protonophore, carbonyl cyanide mi-chlorophe-
nylhydrazone (CCCP) and subsequent cross-linker treatment were
performed as follows. CCCP was stored as a 20 mM stock solution
in DMSO at —20°C in the dark. Cells in exponential growth phase
(ODggp=1.0) from 0.8ml of TG medium containing appropriate
antibiotics and 0.04% vL-arabinose (grown at 30°C) were harvested
by centrifugation at 25°C and suspended in 1 ml of Wash buffer.
Cells were centrifuged again and resuspended in 200 ul of MLM
buffer. Cells were divided into two aliquots and 2.5ul of 2mM
CCCP (diluted in DMSO, final concentration was 50 uM) was
added. Alternatively, DMSO was added as a control and samples
were incubated at room temperature for 10 min. After confirming
that the cells stopped swimming completely in CCCP-containing
samples under dark-field microscopy, 100 ul of MLM buffer contain-
ing 40 uM BMOE was added into each sample (final concentration
of 20 uM BMOE) and incubated at room temperature for 1h in the
dark. After the reaction, each sample was centrifuged and washed
with 500 pl of Wash buffer. After observing the swimming behavior
of the cells, each sample was centrifuged, resuspended in 20 pul of
SDS loading buffer with 2-mercaptoethanol and boiled at 100°C
for 5min.

leader peptide

Cross-linking between MotB and Figl

Results

Combinations of Figl and MotB cysteine mutants
used for cross-linking experiments

When we started this project there was very little struc-
tural information for Flgl and MotB proteins, so we
constructed and analysed a series of Cys-substituted
Flgl and MotB mutants (/4, 3/; summarized in
Fig. 1). Based on the data, we first surveyed the 32
Flgl Cys mutants and the 13 MotB mutants to select
appropriate mutants for investigating possible inter-
action between Flgl and MotB. We selected mutants
based on the following three criteria: (i) the mutant
protein is stable; (ii) the mutation does not impair mo-
tility of the cells and (iii) the mutation site is expected
to be surface exposed as predicted by thiol-specific
modification experiments. According to these criteria
we chose four Flgl mutants, Flgl G11C, GI161C,
Y191C, S211C and three MotB mutants, MotB
D198C, S248C and A278C.

Disulphide cross-linking between Figl and MotB
cysteine mutants

A Flgl Cys mutant (pYZ301 derivatives) and a
wild-type MotA/MotB Cys mutant (pJN726 deriva-
tives) were co-expressed in the flgl motAmotB triple de-
letion strain YZ12-1. We tested swarming motility of
cells co-expressing 12 Flgl/MotB Cys mutant combin-
ations in soft-agar plates and those strains showed
almost the same motility as the wild-type Flgl/MotB
co-expressing strain; hence Cys mutations did not
affect cell motility (data not shown). Next we performed
immunoblotting analyses using anti-Flgl or MotB anti-
bodies to detect cross-linked products. Without oxi-
dant, Flgl mutants exhibited a monomer band and
various cross-linked products probably including a
predicted dimer (Fig. 2, left-half of upper panel),
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Fig. 1 Characterization of the FIgl and MotB Cys mutants. Profiles of the Flgl (/4) and MotB (3/) Cys mutants that were analysed in previous
studies are summarized. Amount, the residues for which the protein amount was decreased when substituted with Cys (filled triangle); motility,
the residues that caused decreased (filled circle) or completely disrupted (open circle) motility of the cells; modified, the residues that were well-
(open square) or moderately- (closed square) labelled by the thiol-specific reagent mPEG-maleimide. Asterisks indicate the mutants that were
chosen for combinatorial expression of Flgl and MotB mutants in this work.
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Fig. 2 In vivo disulphide cross-linking of cells co-expressing the Figl and MotB Cys variants by the oxidant Cu-phenanthroline. The Flgl (A) and
the MotB proteins (B) from YZ12-1 (Afigl AmotAB::cat) cells harboring pYZ301 (Flgl) and pJN726 (wild-type MotA/MotB) derivatives
possessing Cys mutations were detected by immunoblotting using anti-Flgl and anti-MotB antibodies, respectively. Expression of the MotB
proteins was induced with 0.04% r-arabinose. Cells were harvested, washed and incubated with [right-half, (+)] or without [left-half, (—)] | mM
Cu-phenanthroline at room temperature for 30 min. All samples were prepared without 2-mercaptoethanol. The closed arrowheads on the right
side indicate the monomeric forms of Flgl (36 kDa) or MotB (34 kDa); the asterisk indicates the predicted dimer form of MotB; open arrowheads
indicate the predicted cross-linked products between the Flgl G11C and MotB S248C mutants.

on the other hand, MotB mutants exhibited only the
monomer band (Fig. 2, left-half of lower panel).
When treated with the oxidant Cu-phenanthroline,
Flgl mutants displayed increased band intensities for
almost all of the cross-linked products, and MotB mu-
tants generated a predicted homodimer band (Fig. 2,
right-halves of each panel, asterisk). We found a specific
band (I-B band) that was detected by both anti-Flgl
and anti-MotB antibodies only from the combination
of Flgl G11C with MotB S248C, but not with MotB
D198C and A278C, although the intensity of the
cross-linked band was not strong (Fig. 2, open arrow-
head). This specific band seemed to be a cross-linked
product between the Flgl and MotB Cys mutants. The
predicted Flgl/MotB cross-linked band was not de-
tected when the wild-type protein was co-expressed
with the Cys substituted accompanying protein even
in the presence of Cu-phenanthroline (Fig. 3A). The
predicted I-B bands detected by both anti-Flgl and
anti-MotB antibodies appeared to be the same size
(Fig. 3B, open arrowhead). The estimated molecular
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weights of mature-Flgl and MotB are 36 and 34 kDa,
respectively, thus, the estimated mass of the I-B hetero-
dimer is 70kDa. The migration speed of the
cross-linked dimers in a gel is retarded by the effect of
the branched structure as observed before (/4). From
these results we concluded that the specific band de-
tected in the combination of Flgl G11C/MotB S248C
was derived from a disulphide cross-linked product be-
tween Flgl and MotB Cys mutant proteins.

Cysteine scanning of residues around Figl Gly'’

and MotB Ser”**®

Disulphide cross-linking between Flgl G11C and
MotB S248C suggests that the Gly'' residue of Flgl
is close to the Ser**® residue of MotB. To assess the
spatial arrangement around these two residues we per-
formed Cys scanning mutagenesis in these regions of
the proteins. We introduced single Cys replacements in
Flgl from Thr'—Asn'> and in MotB from
Arg?**—Arg®°, respectively. First, we co-expressed
the constructed Cys mutants with the wild-type

2102 ‘/2 Jequeidss uo [elidsoH uensuyD enybuey) e /Hlo'seuinolploxo-qly:diny woly papeojumod


http://jb.oxfordjournals.org/

A 1 mM Cu-phenanthroline B FilgI MotB
G11C S248C
(-) (+) -
a - - 175 175
g v g v $
s
gighy foke ooy lime
wa =L 20E0 :0%0 * 62 62
175 il
a7.5{ L47.5
83| &8 :
v < |
624 - - u *
' sl
47.5- _ i 32.5 | f32.5

32,51

o~-FlgI

1754

A *

62
47.5

e mm——

32,54

o-MotB

Fig. 3 Detailed analysis of the Flgl G11C/MotB S248C
co-expressing strain. (A) Flgl-MotB disulphide specific cross-linked
band. Flgl G11C (pYZ301 derivative) or wild-type MotA/MotB
S248C (pJN726 derivative) was co-expressed with the wild-type
MotA/MotB (pJN726) or Flgl (pYZ301), respectively, in the
YZ12-1 (Afigl AmotAB::cat) strain. Each combinatorial strain was
treated with [right-half, (4)] or without [left-half, (-)] 1 mM
Cu-phenanthroline as in Fig. 2, and the Flgl protein (upper panel) or
the MotB protein (lower panel) was detected by immunoblotting
with the corresponding antibodies. Only when the Flgl and MotB
Cys mutants were co-expressed was a specific band detected de-
pending on the oxidant treatment (open arrowheads). The closed
arrowheads indicate the monomeric forms of FlglI (36 kDa) or MotB
(34kDa); the asterisks indicate the predicted dimer form of Flgl or
MotB. (B) Comparison of the size of the specific disulphide
cross-linked band. The rightmost lane of each panel in (A) was
excised, adjusted for the molecular marker size and aligned side by
side. The two predicted cross-linked bands between Flgl G11C and
MotB S248C detected with anti-Flgl and anti-MotB antibodies,
respectively, seemed to be identical in size (open arrowheads).

accompanying proteins in YZ12-1 to investigate the
characteristics of each Cys mutant protein. Cells ex-
pressing these Cys mutant proteins exhibited almost
normal motility on soft-agar plates except for Flgl
N15C, whose motility was completely abolished (data
not shown). MotB Asp>*, for which Val substitution
affects motility of Salmonella in semi-solid agar plates
(40), did not affect motility in E. coli. Immunoblotting
analysis showed that expression of all of the Cys
mutant proteins was almost the same (data not
shown). Next, we co-expressed Flgl Cys mutants
with MotB S248C, or co-expressed Flgl G11C with
MotB Cys mutants in strain YZ12-1 and assessed the
cross-linking efficiencies between Flgl and the MotB
Cys mutants (Fig. 4). As described above, Flgl N15C
did not confer motility. In addition, the motility of the
strain carrying Flgl VOC was slightly decreased, but

Cross-linking between MotB and Figl

the other Cys mutants did not cause a significant
change in motility when co-expressed with MotB
S248C (Fig. 4A, left panel). The newly generated
MotB Cys mutants conferred the same motility pheno-
types when co-expressed with Flgl G11C as with the
wild-type Flgl (Fig. 4A, right panel). We performed
immunoblotting analysis after the cells were treated
with Cu-phenanthroline (Fig. 4B). Flgl S8C displayed
the same band intensity of the predicted I-B band as
Flgl G11C, and the band intensities of Flgl Q10C and
R13C were slightly decreased (Fig. 4B, open arrow-
head in left panel). In the MotB mutants, all five
MotB mutants displayed clear I-B bands in addition
to the dimer bands (asterisk), and the I-B bands
formed by MotB R250C were significantly stronger
than the others (Fig. 4B, open arrowhead in right
panel). These results may suggest that Arg®° of
MotB can approach spatially closer to Gly'' of FlgI
or can stay temporally longer near Gly'! of Flgl than
other residues.

Cross-linking methods that do not impair cell motility
We detected disulphide cross-linking between the
Flgl and MotB Cys mutants; however, the
Cu-phenanthroline treatment made the bacterial
cells non-motile even when wild-type cells were treated.
We wanted to cross-link proteins under conditions that
did not affect cell motility. Therefore, we tried other
oxidants, CuCl, and 5,5-dithiobis-2-nitrobenzoic
acid (DTNB), but no cross-linked products
between FlIgl and MotB were detected. Next,
we used various cross-linkers including three bismalei-
mide cross-linkers, bis(maleimido)hexane (BMH),
1,4-bis(maleimido)butane (BMB) and bis(maleimido)
ethane (BMOE), which have two maleimide-groups
in both heads and bind to thiol-groups specifically
and irreversibly. Each has a different arm length:
BMH, 13.0A; BMB, 10.9 A; BMOE, 8.0 A. We treated
the Flgl G11C/MotB R250C co-expressing cells with
several concentrations of these cross-linkers, and de-
tected predicted I-B bands at certain concentrations of
each cross-linker (Fig. 5, open arrowhead). The opti-
mal concentrations of the cross-linkers seemed to
depend on the arm length. It appeared that the
excess cross-linkers bound to both thiol-groups of
Flgl and MotB Cys mutants and consequently
cross-linking between Flgl and MotB was inhibited.
Because longer cross-linker (hence having larger
molecular mass) is expected to have more difficulty
accessing the target site than the shorter one, it is
thought to be reasonable that the optimal concentra-
tion of longer cross-linkers was higher. Even after the
cross-linking treatment, the cells were still motile when
observed by dark-field microscopy, although their
swimming fraction was slightly decreased (data not
shown). We also examined other cross-linkers, includ-
ing 1,4-di-[3'-(2’-pyridyldithio) propionamido] butane
(DPDPB), which is a reversible thiol-reactive cross-
linker and tris-[2-maleimidoethyllamine (TMEA),
which is a trifunctional maleimide cross-linker. The
former exhibited a very low cross-linking efficiency
and the latter gave a complicated pattern of
cross-linking products (data not shown).
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Fig. 4 Cysteine scanning experiment around the Figl Gly'! and MotB Ser®*® residues. (A) Motility of the Figl and MotB Cys mutant
co-expressing cells. Left panel, wild-type MotA/MotB S248C (pJN726 derivative) and a series of Flgl Cys variants (pYZ301 derivatives
possessing single Cys mutations) were co-expressed in the YZ12-1 (Aflgl AmotAB::cat) strain; right panel, Flgl G11C and a series of MotB Cys
variants were co-expressed. A drop (2 pl) of overnight culture was inoculated on 0.27% soft-agar T broth plates and incubated at 30°C for 6 h.
(B) Cu-phenanthroline treatment. The Flgl and MotB Cys mutant co-expressing strains were treated with 1 mM Cu-phenanthroline as in Fig. 2
and each protein was immunodetected with anti-FIgl (upper panel) or anti-MotB (lower panel) antibodies, respectively. The closed arrowheads
indicate the monomeric forms of Flgl (36 kDa) or MotB (34 kDa); the asterisks indicate the predicted dimer form; open arrowheads indicate the
predicted cross-linked products between the Flgl and MotB Cys mutants. The closed circles on the upper side of the panels show the relative

cross-linking efficiencies by the number of closed circles.

Since BMOE had a lower optimal concentration for
cross-linking than the others, we chose 20 uM BMOE
treatment for Flgl/MotB cross-linking, a concentra-
tion that did not impair cell motility, for the following
experiments. It should be noted that when we
co-expressed Flgl G11C and MotB R250C in a strain
in which no flagellar protein was expressed (f/ADC de-
letion strain RP3098) as a control experiment, we still
detected a predicted cross-linked band between the
mature-form of Flgl and MotB in this strain (see
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below). This suggests that the Flgl proteins that did
not form the P ring in the periplasmic space can form a
disulphide-bridge with MotB proteins located in
membrane.

Change of the cross-linking efficiency depending on
proton motive force

Fluorescent recovery after photobleaching experiments
using GFP-fused stator proteins in E. coli have re-
vealed that the stator complexes incorporated into
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Fig. 5 Cross-linking between Flgl G11C/MotB R250C using bisma-
leimide cross-linkers. YZ12-1 (Aflgl AmotAB::cat) cells harboring
pYZ301 Flgl G11C and pJN726 MotB R250C were treated with three
bismaleimide cross-linkers, BMH, BMB and BMOE. Expression of
MotB proteins was induced with 0.04% L-arabinose. Cells were har-
vested, washed and incubated with each cross-linker at the indicated
concentrations at room temperature for 1 h. All samples were treated
with 2-mercaptoethanol and the MotB protein was detected by
immunoblotting using anti-MotB antibodies. The closed arrowheads
indicate the monomeric forms of MotB (34 kDa); the asterisk
indicates the predicted dimer form; open arrowheads indicate the
predicted cross-linked products between Flgl G11C/MotB R250C.

the motor exchanged frequently with those present
in the membrane pool around the motor (32). In
another study in Vibrio alginolyticus, which has a
Na*t-driven flagellar motor, fluorescence observation
experiments using GFP-PomB indicated that the
stator complexes PomA/PomB (homolog of MotA/
MotB) are immediately dissociated from the flagellar
motor in the absence of the coupling ion Na™, i.e. in
the absence of a Na™ gradient (33). In the
proton-driven motor of E. coli, it has been reported
that individual stator complexes are inactivated at
low proton motive force and speculated that the mech-
anism of inactivation may involve the dissociation
of the MotA and/or MotB components (47). Thus,
the MotA/MotB stator complexes are expected to
dissociate from the flagellar motor when treated
with carbonyl cyanide m-chlorophenylhydrazone
(CCCP), a protonophore that abolishes H gradients.
Since we established cross-linking conditions in
which cell motility is not affected, we were able to in-
vestigate the effect of CCCP on Flgl-MotB
cross-linking in functional motors. First, we confirmed
that E. coli cells completely lost swimming motility
in the presence of 50 uM CCCP. Next we observed
localization of GFP-MotB in the presence of CCCP
using fluorescent microscopy with strain JPA750
(gift from Judith Armitage), which expresses
GFP-MotB protein from the chromosome instead of
the native MotB. The number of fluorescent foci sig-
nificantly decreased in the presence of CCCP, indicat-
ing that the CCCP treatment disassembled the stator
complexes around the flagellar motor (data not
shown). Then we performed a BMOE cross-linking
experiment using YZI12-1 cells co-expressing Flgl
G11C and MotB R250C in the presence of CCCP.
The ratio of the I-B band intensity in the presence of
CCCEP to that in the absence of CCCP was calculated
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Fig. 6 Change of cross-linking efficiency caused by CCCP. Cells of
the flagellated strain YZ12-1 (Aflgl AmotAB::cat, Fla*) or the
non-flagellated strain RP3098 (A(flhD-flhA)4, Fla™) harboring
pYZ301 Flgl G11C and pJN726 MotB R250C were harvested,
washed and incubated with or without 50 uM CCCP at room tem-
perature for 10 min. and each sample was subsequently treated with
20 uM BMOE for 1h. All samples were treated with
2-mercaptoethanol and the Flgl and MotB proteins were detected by
immunoblotting using anti-Flgl (A) or anti-MotB (C) antibodies.
The closed arrowheads indicate the monomeric forms of Flgl

(36 kDa) or MotB (34 kDa); the asterisks indicate the predicted
homodimer; open arrowheads indicate the predicted cross-linked
products between Flgl G11C/MotB R250C. (B and D) The changing
rate of cross-linking efficiency was calculated by dividing the Flgl/
MotB cross-linking band intensity in the presence of CCCP by that
in the absence of CCCP. They were calculated for the Flgl protein
(B) and the MotB protein (D), respectively. Each experiment was
repeated five times independently and average values are presented.
Error bars indicate standard deviations.

as a changing rate of cross-linking efficiency (Fig. 6).
The I-B band intensity in both Flgl and MotB blots
was significantly reduced when cells were treated with
CCCP prior to the cross-linking reaction (open tri-
angle in Fla™ lanes). On the other hand, when the
same experiment was performed in the non-flagellated

fIhDC deletion background, effect of CCCP on the I-B

band intensity was smaller; similar bands were detected
in both the Flgl and MotB blots. This difference is
shown more clearly in the changing rate of
cross-linking efficiencies caused by CCCP treatment,
obtained from five repetitions of the experiment
(Fig. 6B and D), which is lower in YZI12-1
cells (flagellated strain) than in RP3098 cells
(non-flagellated strain). These results imply that the
interaction between Flgl and MotB is facilitated in
the presence of proton motive force in flagellated
cells, probably because the stators can be assembled
around a functional flagellar motor.

315

2102 ‘/2 Jequeidss uo [elidsoH uensuyD enybuey) e /Hlo'seuinolploxo-qly:diny woly papeojumod


http://jb.oxfordjournals.org/

Y. Hizukuri et al.

Discussion

In Borrelia burgdorferi, spirochetes that have periplas-
mic flagella, the in situ image from cryo-electron tom-
ography showed a structure that appears to bridge
the stator and the rotor (42). In Vibrio species,
MotX/MotY, which are components of the T ring
located on the periplasmic side of the P ring, have
been reported to be involved in stator assembly (38).
However, E. coli does not have MotX and MotY. It
has been shown that the C-terminal region of MotB
plays an important role in targeting and stable anchor-
ing of the stator complex to putative stator-binding
sites of the motor (37). However, it remains unknown
where the stator-binding sites are in the motor. In this
study, we assessed disulphide cross-linking between
Flgl and MotB Cys mutants. We showed that several
Flgl and MotB Cys mutants generated a specific
cross-linked product (Fig. 4). We suggest that the P
ring provides binding sites for assembly of the stator
into a motor.

Cross-linking efficiency was not very high in the ex-
periment. We think this low efficiency is not surprising
and reasonable because only a small fraction of the
stator complexes can assemble around the rotor or
many Flgl molecules are not always used for the ring
structure. Furthermore, it has been shown that
over-expression of the hook protein FIgE suppresses
the E. coli figA, flgH and flgl mutants to significant
degree (43), indicating that even in the absence of P
ring partial incorporation of stator into a motor can be
achieved. This may explain the low efficiency of cross-
link and imply that MotB—FIgl interaction is not es-
sential, but since this suppression did not cause full
restoration of motility we assume that MotB—Flgl
interaction shown here may be required for efficient
incorporation or stably anchoring around the rotor
to become fully functioning motor. Recent findings
have revealed that the stator showed dynamic assem-
bly/dissociation around the motor (32—34), suggesting
the presence of efficient motor-recognition mechan-
isms and consistent with our idea.

We present a predicted spatial relationship between
the stator and the bearing from the evidence of this
study and our structural data of MotB (26) (Fig. 7).
Because structural information for the Flgl protein is
not available, it is difficult to discuss the position of the
FlgI Gly'' residue or other residues that were con-
firmed to cross-link with MotB in this study. We pre-
viously found that Gly'! of FlgI seems to be surface
exposed in a significant fraction of time (/4). Flgl vari-
ants with Cys substitution for Ser®, GIn'® and Arg'?
were able to cross-link with MotB (Fig. 4), indicating
that these Cys residues are also surface exposed. Since
these residues are located in the highly conserved
N-terminal region of Flgl (/4), therefore, we propose
that the highly conserved, surface-exposed N-terminal
domain of Flgl is a binding site for MotB. The crystal
structures of the C-terminal periplasmic region of
MotB of H. pylori (25) or S. enterica (26) have been
already solved. We mapped the residues that
cross-linked with Flgl in this study on the dimer struc-
ture of the periplasmic region of Salmonella MotB
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Fig. 7 Schematic diagram of the structures of Flgl and MotB in the
functional motor. (A) The crystal structure of the dimer form of the
C-terminal periplasmic region of Salmonella MotB (2ZVY, 26) is
shown. Left, side view; right, top view. The PGB domain (146—264
in Salmonella) of one monomer is coloured cyan and the other one is
coloured blue. The linker region is coloured white or grey. The
residues in E. coli that cross-linked with Flgl Cys mutants in this
work were mapped and are shown as yellow spheres. The predicted
residues contributing to PG binding proposed by Kojima et al. (26)
are shown as red spheres. (B) Schematic diagrams of the flagellar
motor (upper) and the possible interaction between the P ring (Flgl)
and the stator (MotB) proposed by this work (lower). The
residue-pairs demonstrated to cross-link in this work are shown in
the box. Coloured regions in MotB are described as (A). OM, outer
membrane; PG, peptidoglycan; IM, inner membrane.

(Fig. 7A, yellow spheres). These residues were pos-
itioned on the protruding loop in the PGB domain,
hence it is not likely to disturb its ternary structure
even if this loop region contacts to the P ring. Each
PGB domain in the MotB dimer is located in
anti-parallel orientation in the crystal structure.
Therefore, Flgl-contacting loops would be positioned
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in each end of MotB dimer (Fig. 7A). From this as-
sumption only one loop in the MotB dimer is predicted
to contact Flgl when the stator is incorporated into the
motor.

Conformational changes of the stator have been
proposed to occur when the stator is incorporated
into the motor and starts to generate torque. The
MotB ‘Plug’ region, which is located just after the
TM region of MotB, has been proposed to block
proton leakage when the MotA/MotB stator is in the
membrane pool, and to be in the open state when the
stator is incorporated into the motor (44, 45). Based on
the crystal structure of the MotB periplasmic region,
the linker region between the PGB domain and the
Plug region in MotB has been proposed to extend to
allow the PGB domain to reach the PG layer when the
stator is incorporated into the motor (26). The Plug
region should be open and the stator should be an-
chored to the PG layer via the PGB domain before
proton flow and torque generation occurs. So it
might be reasonable that the stator—motor interaction
in the periplasmic space would be an initial event that
triggers the sequence of stator conformational changes.
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