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ABSTRACT: FIliH regulates the flagellar export ATPase Flil, preventing nonproductive ATP hydrolysis.
FliH has been shown to stably associate with the C ring protein FliN. Analysis of this complex reveals
that FliH is required for Flil localization to the C ring, and thus FliH not only inhibits Flil ATPase activity
but also may act to target Flil to the basal body. Quantitative binding studies reveHlgdfal10 nM

for FliH binding to FliN. The Kp for FliH binding of a FIiIN variant from a temperature-sensitive
nonflagellatefliN point mutant was determined to be 270 nM, suggesting a molecular explanation for its
phenotype. Another variant FliN from a temperature-sensitive mutant with a different phenotype displayed
binding with an intermediate affinity. Weak export activity irilidN null mutant was greatly increased by
overproduction of Flil, mimicking a previously observed FliH bypass effect and supporting the conclusion
that FIIN—FIiH binding is important for localization of Flil to the C ring and thus the membrane-embedded
export apparatus beyond. A model incorporating the present findings is presented.

The bacterial flagellum is a complex, self-assembling by catalyzing chaperone release and unfolding of substrates,
molecular machine responsible for motility in many species as occurs with Flil virulence ortholog Inv@B); FliH is a
(1, 2. At least 34 proteins are either structural components negative regulator of Flil ATPase activity. FliH and Flil form
of the flagellum or necessary for its assembly. With a few a (FliH).Flil heterotrimer which presumably prevents non-
exceptions, flagellar proteins reach their destinations via a productive ATP hydrolysisg, 10. Both Flil and FliH have
dedicated type Il export apparatus contained within the basalbeen shown to interact with FIhA and FIhB by affinity
body of the flagellum3, 4). In Salmonella entericaerovar blotting, FRET, and isolation of intergenic pseudorevertants
Typhimurium, this apparatus consists of six membrane (11—13).
proteins (FIhA, FIhB, FliO, FliP, FIiQ, and FliR), likely FIiG, FliM, and FIiN form the C ring which functions as
housed in a patch of membrane within the MS ringnd  the flagellar rotor and contains the directional switching
three soluble proteins (FliH, Flil, and FliJ). capability of the motor. Purified FliMFIiN complexes from
Flagellar export begins after formation of the MS ring and Thermotoga maritimaossessed a FliM-FIiN, ratio (14),
probably commensurate with formation of the C ring. in reasonable agreement with that observed by quantitative
Following export, substrates diffuse through a continuous immunoblots ofSalmonellabasal bodies, from which an
interior channel within the nascent flagellum to their final estimate of a FliG—FIiM 3s—FliN 110 Stoichiometry was made
location 6, 6) (15). All three proteins can assemble onto the cytoplasmic
Flil is an ATPase which couples ATP hydrolysis to Side of the MS ring in the absence of the export apparatus

translocation of export substrates across the @Vigerhaps ~ (16). Null mutants of all three genes are nonflagelldta)(
(17—19). However, the roles of the C ring proteins are varied;

: — : mutants thereof can have paralyzed, nonchemotactic, or
T This work was primarily conducted in the laboratory of Robert M.

Macnab, who passed away in 2003. It was supported by Public Health non_flagellate phenotype_Q(D, 23.

Service grants Al12202 (originally awarded to R.M.M.) and GM070333  fliN® mutant MY 669 failed to export all external flagellar

(J-L-TM-)- o g hould be add 4. Devartment fproteins at the restrictive temperatuiz2). Another fliN's
*To whom corresponaence shou € aaaressed. Department o H .

Chemistry & Biochemistry, Kennesaw State University, 1000 Chastain mutant, S‘]W2284’, was 'mmomef Qnd unable to reg“?W

Road, MB# 1203, Kennesaw, GA 30144. E-mail: jmcmurri@ flagella after shearing at the restrictive temperature, which

ker;nesaw.e_du. _ led to a proposal of an indirect role for FIiN in expo&3j.
§$g:g Smgggéchool of Medicine Overexpression and underexpressiorilidf in Escherichia
Il Universidad Nacional Alittoma de Maico. coli caused defects in both motility and flagellatiati).

!CM, cytoplasmic membrane; CCW, counterclockwise; DTT, Yersinia pestisirulence secretion apparatus proteins YscL

dithiothreitol; FRET, fluorescence resonance energy transfer; IMAC, ; ; ;
immobilized metal affinity chromatography; IPTG, isoprogb- and YscQ, Orth0|ogous to FliH and FIiN, respectlvely, were

thiogalactopyranoside; MCS, multiple cloning site; MS, membrane idemiﬁed_ as binging partners in a yeast two-hybrid screen
supramembrane; ts, temperature sensitive. (24). An interaction was also observed between MxiN and

10.1021/bi0605890 CCC: $33.50 © 2006 American Chemical Society
Published on Web 09/12/2006



FliH Specifically Binds C Ring Protein FIiN

Biochemistry, Vol. 45, No. 39, 20061791

Table 1: Strains and Plasmids Used in This Study

strain/plasmid

relevant characteristic

source or reference

E. coli Strains

BL21(DE3) for overproduction of proteins Novagen
BL21(DE3)pLysS for overproduction of proteins Novagen
NovaBlue recipient for cloning experiments Novagen
SalmonellsStrains
JR501 rm~; for making plasmid$Salmonellacompatible 43
SJW1103 wild-type for motility 44
SJw2284 temperature-sensitili®&l mutant e3)
MY669 temperature-sensitiieN mutant 2
MKM10 AfliHa (32
MKM15 AfliN (27
MKM65 AfliR (45)
Plasmids
pET19b N-terminal His-tag T7 expression vector Novagen
pTrc99A expression vector Amersha#t)
pTrc99AFF4 modified pTrc expression vector 47
pACTrc pTrc promoter, p15A origin of replicatién (27
pGMK3000 pPET19b His-Fli& (May Kihara, unpublished)
pMMK4310 pTrc99A His-FliM—FliN® (May Kihara, unpublished)
pBGGhMN pTrc99AFF4 FliG/His-Flivi- FIiN' 27
pACTrcHI pACTrc FliH + Flil® 27
pACTrcl pACTrc Flil (Gillian Fraser, unpublished)
pMM309 pTrc FliH (¢)]
pMM1702 pTrc99A His-Flil 0)
pJM341 pPET19b HisFIliMt FIIN(N:L89Q) this study
pJM342 pET19b HisFliMt- FIIN(N:V87G) this study
pJM349 pTrc99A HisFlivH- FIiN(N:V113D)" this study
pJM358 pTrc99A HisFliv+ FlIN(N:V111D)" this study
pJM359 pTrc99A HisFlivH- FliN(N:V112D)" this study

a|dentical to MKM11, which is described in ref 32pTrc99AFF4 is modified from pTrc99A to remove the Ndel site at 262804 and change
the Ncol site in the MCS to an Ndel site, which allows for shuttling of inserts from pTrc99AFF4 to pET19b by restriction with Ndel and BamHI.
¢pACTrc is a homemade expression vector (Gillian Fraser) that is derived from pACYC184 (New England Biolabs). It was produced by insertion
of Sphi=EcoRV and EcorR¥-Hindlll fragments from pTrc99AFF4 into pACYC184, yielding a plasmid of 5240 bp. Its p15A origin of replication
and Cm allow for cotransformation with pET- and pTrc-based plasmidiG was amplified from the chromosome using oligos containing Ndel
and BamHI sites and cloned into pET18tContainsfliM andfliN, which are immediately adjacent on tBalmonellachromosome, as one fragment
amplified from chromosomal DNA. The insert was first cloned into pET19b via Ndel and BamHI and then shuttled to pTrc99A by restricting with
Ncol and BamH]I so that the pET19b-derived sequence coding for a His-tag was retained. Thus, pMMK4310 codes for His-FliM and untagged FliN
expressed from the same trc promotdliG was cloned into Ndel and BamHI sites. Genes for FliM and FliN were shuttled as one insert from
pPET19b by restriction with Xbal and HindlIl, both of which are in the pTrc99AFF4 MCS. The resultant insdtiNhandfliN with an additional
pET19b-derived sequence coding for an N-terminal His-tag on FliM and a ribosomal bindingfisifeandflil were cloned into pACTrcHI by
taking advantage of their immediately adjacent positions orSgdenonellachromosome. Thus, one fragment containing both genes was cloned
into Ndel and BamHlI sites and both were expressed from the same trc profidigations were made ifliN as described in the methods. A
single insert containing botfiM andfliN (with a His-tag encoded FliM) was cloned into pTrc99A via Ncol and BamHI.

Spa33 (FliH and FliN orthologs) fror8higella flexner{25). explanation for the mutant phenotype. Additionally, a previ-
That study found that enxiN mutant was unable to form a  ously reported “bypass” effect of Flil overproduction in a
needle, though it did form a normal basal structure. ThesefliH null was mimicked in &liN null mutant background.
findings constitute strong evidence for a role for FliN in We propose that FliH not only is a negative regulator of
export and suggest that it may be a receptor for FliH. Flil ATPase activity but also localizes Flil to the basal body.
Structures of Thermotoga maritimaFIliN and the C-
terminal domain of its paralog, HrcQB, froRseudomonas EXPERIMENTAL PROCEDURES
syringae have been solved1$, 2. ThermotogaFIiN ) ) _ ) ) )
possesses a conserved surface-exposed hydrophobic patch. Strains and MediaBacterial strains and plasmids used in
A mutation altering one of the residues in the patch causedthis study are listed in Table 1. pACTrc is an expression
reduced flagellation and a CCW motor bias, alluding to Vector derived from pACYC184 that contains fgch trc
potential roles for the patch in both switching and export Promoter and MCS from pTrc99AFF4, yielding a plasmid
(14). Other site-directed mutations caused flagellation defects, Providing chloramphenicol resistance and having the same
some of which were alleviated by overproduction of FliH MCS as pTrc99AFF4 (Gillian Fraser, personal communica-
and Flil (K. Paul, J. Harmon, D. Blair, personal communica- tion). Because of their different origins of replication,
tion). PACTrc and pTrc99AFF4 are compatible for coexpression.
GonZdez-Pedrajo et al.27) reported copurification of ~ All cultures were grown in Luria broth (LB). Ampicillin (50
SalmonellaFliH with FIiN. Herein, that interaction is 49 ML) and chloramphenicol (25g mL™) were added
demonstrated to be specific and quantitatively characterized Where appropriate.
A FIiN variant from a ts mutant is shown to bind more DNA ManipulationsChromosomal DNA was prepared by
weakly to FliH, suggesting that the FliNFliH interaction the method of Woo et al2@). Mutations were made iftiN
plays an important role in export and providing a molecular to create plasmids pJM341, pJM342, pJM349, pJM358, and
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pJM359 by a method adapted from Toker et 29)( Briefly, Saturation Binding Assaygo determine the affinity of
complementary primers coding for the mutation were paired FliH for FliN, a saturation binding assay was developed using
with outside primers to amplify fragments using Pfu Turbo quantitative immunoblotting. A portion of 1@g/mL (final
DNA polymerase (Stratagene, La Jolla, CA) and pMMK4310 concentration) of the His-FIIMFIIN complex was mixed
(pTrc99A/His-FliM—FIiN) as the template. Sequences for with varying amounts of a lysate of BL21(DE3)pLysS
primers used to produce plasmids first described in this studyproducing untagged FliH from pMM309 produced as de-
are listed in Supporting Information Table 1. Products were scribed above in a final volume of 1 mL of lysis buffer. (For
gel purified and used as templates for a second round ofthe FliH—FIil binding experiment, a lysate of BL21(DE3)
amplification with the outside primers that produced one cells overproducing FliH and Flil from pACTrcHI was used.)
fragment containing the full-lengtiiM andfliN genes with The mixture was incubated at 2% for 1 h, after which
the altered codon ifliN. These products were gel purified, 50 uL of a 50% slurry of Talon resin equilibrated in lysis
restricted with Ndel and BamHI, and cloned into pET19b. buffer was added. Binding was allowed to continue for
To create pJM349, pJM358, and pJM359, the pET19b parentanothe 1 h with gentle mixing for a total of 2 h. The resin
was restricted with Ncol and BamHI. The insert was gel was pelleted via brief centrifugation and washed twice with

purified and cloned into pTrc99A using NovaBlue cells,
resulting in plasmids coding for His-FIiM and FliN variants.

The correct sequence was confirmed prior to use (W. M.

1 mL of wash buffer. The bound protein was then eluted by
addition of 50uL of elution buffer. Eluted protein was briefly
spun to remove any resin, mixed with sample buffer, boiled,

Keck Foundation Biotechnology Resources Laboratory at and run on 15% SDSPAGE gels.

Yale University).
Copurification ExperimentsCoexpression and purification

Proteins were transferred to nitrocellulose and immuno-
blotted with polyclonal anti-FliH antisera (gift of G. Schoen-

experiments were performed essentially as described usinghals) using chemiluminescent detection. Experiments were

pTrc- and pACTrc-based plasmids as needed). (Briefly,
a 25 mL culture of BL21(DE3) cells transformed with one
or two plasmids was grown at 30 to an ORq of 0.4.
IPTG was added to a final concentration of 0.2 mM, and
growth continued for 2 h. Cells were then harvested,
resuspended in 10 mL of lysis buffer (50 mM Tris, pH 8.0,
500 mM NacCl, 10 mM imidazole), and sonicated. A clarified
lysate was produced by centrifugation at 10 @@8 20 min
followed by centrifugation of the supernatant at 100400
for 1 h. The lysate was then loaded by gravity flow onto a
1 mL Talon (BDBiosciences Clontech, Palo Alto, CA) IMAC
column, washed with 20 mL of wash buffer (50 mM Tris,
pH 8.0, 500 mM NacCl, 25 mM imidazole), and eluted in
3 x 1 mL fractions in elution buffer (50 mM Tris, pH 8.0,
500 mM NacCl, 250 mM imidazole). A sample from fraction
2 was taken for SDSPAGE analysis of copurified proteins.
Purification of His-FIiM—FIiN Complexes for Binding
Studies An overnight culture oft. coli BL21(DE3)pLysS
carrying pMMK4310, pJM341, pM342, pJM349, pJM358,
or pJM359 was subcultured 1:100 into 500 mL of LB. The
culture was grown with vigorous shaking at 30 until it
reached an OR, of 0.4. IPTG was then added to a final
concentration of 0.2 mM, and growth continued for 4 h. Cells
were harvested by centrifugation and stored-86 °C.

performed in triplicate. Triplicate blots were exposed to the
same sheet of film for the same length of time, usually
2—5 s. Background-subtracted band densities were measured
using ImageJ version 1.33u (W. S. Rasband, NIH, http://
rsb.info.nih/gov/ij). The points on the saturation curves
represent the meahn SEM. Data were fit to a one-binding
site hyperbola (Y= Bma*[FliH]/( Kp + [FIiH])) by nonlinear
regression with GraphPad Prism (GraphPad Software, San
Diego, CA).Bnax the value representing maximal binding
of FliH to FIiN, was determined by extrapolation from
densitometry values and was used solely to calcutate
The values 0By« between experiments with different FIiN
variants depended on several experimental factors including
blot exposure time and are not directly comparable even
though the concentration of His-FIivFIiIN complexes
remained constanKp was determined to be the value of
[FliH] at half of the calculatedB.x Plots were normalized

to percent maximal binding where 1008% By,

The concentration of FliH in the lysate was measured by
immunoblotting against a standard curve of purified His-
FliH. The contribution of the His-tag to the molecular weight
of the standards was accounted for in determining the
concentration of lysate FliH.

Polyclonal antisera for FliM, FIiN (gifts of S.-1. Aizawa),

Cell pellets were thawed on ice, resuspended in 50 mL of 54 Fiij (30) were used in blots of saturation binding samples

lysis buffer (50 mM Tris, pH 8.0, 500 mM NaCl, 10 mM
imidazole), sonicated, and centrifuged at 10@f® 20 min.
The supernatant was then centrifuged at 10030@0 1 h.

to ascertain retention of those proteins in the complexes.
Control experiments with His-FliM only, no His-FIiMFIiN,
and with BL21(DE3)pLysS lysate without FliH were per-

The second supernatant was loaded by gravity flow onto @¢qrmeq to ensure that FliH binding to resin-bound FIiN was

5 mL Talon IMAC column, washed with 20 column volumes
of wash buffer (50 mM Tris, pH 8.0, 500 mM NaCl, 25
mM imidazole), and eluted in the elution buffer (50 mM
Tris, pH 8.0, 500 mM NaCl, 250 mM imidazole). Eluted

fractions were pooled, concentrated, loaded, and run on a

Superdex-200 HR 10/30 gel filtration column (Amersham

specific and that His-FliM-FIiN repurification was constant
at all quantities of added lysate. No FliH binding to the resin
was detected within the limits of the assays.

Export AssaysExport assays were performed essentially
as described27) using polyclonal anti-FIgD antiser&1).

Pharmacia, Piscataway, NJ) equilibrated and run in 20 MM regyLTS

Tris, pH 8.0, 150 mM NaCl, 1 mM DTT, and 1 mM EDTA.

Protein eluted in two peaks, one containing a high molecular

weight contaminant and the other containing only FiM

Association of Flil with the C Ring Protein Complex
Requires FliH FliH and Flil interact with each otheB(10),

FIiN complexes. The latter was collected and concentrated but it was unknown if Flil stably interacts with any C ring

for binding studies.

proteins. GonzZaz-Pedrajo et al. copurified FliH with a



FliH Specifically Binds C Ring Protein FIiN

complex of C ring proteins FliG, FliM, and FIiN via
interaction with FIiN and purified a complex of FIiG, FliM,
FIiN, FliH, and Flil (27). That study also demonstrated that
the C-terminal domain of FIiN (residues-5&37) binds FliH

in copurification experiments but did not examine FI@

ring protein interactions. To determine whether FIiG, FliM,
or FliN had interactions with Flil, we produced combinations
of these proteins by overproduction from one or two plasmids
in BL21(DE3) and subjected them to copurification attempts
(Supporting Information, Figure 1). Our results showed that
none of the C ring proteins had a detectable interaction with
Flil and that only FIiN (in complex with FliM) bound FliH.
FliM and FIiIN were always expressed together to ensure
stability and solubility; FliM itself does not bind FIiH2().
These results, taken together with those of Gtezz®edrajo

et al., suggest that Flil is localized to the basal body by
interaction with FliH, which binds FIliN.

The FIIN-FIliH Interaction Is Specific.To analyze the
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interaction between FliN and FliH, a saturation binding assay Ficure 1: FliH saturation binding assay for wild-type FIiN. (A)

was developed. Purified His-FIiMFIIN, which had an
apparent molecular mass of about 140 kDa by gel filtration,

was measured by multiangle light scattering to be 120 kDa

(data not shown), consistent with a complex fraimermo-
toga maritimathat had a stoichiometry of Fli-FIliN,4 (14).
TheT. maritimacomplex also eluted from gel filtration with

an apparent mass of 140 kDa but was found by sedimentation

equilibrium analytical ultracentrifugation to be 9846 3.5
kDa (calculated’. maritimaFIliM ;—FIliN, mass= 98.5 kD).
Our His-FliM and FliN have predicted molecular masses of
40.6 and 14.8 KDa, respectively. A His-FIiMFIiN4
complex would thus have a mass of 99.8 kDa. Although a
His-FliM,—FIliN, complex (110.8 kDa) is also consistent with

Representative anti-FliH immunoblot of repurified His-FHiIiN—

FliH complexes. The concentration of FliH in each sample is shown
above each lane. (B) Anti-FliM and anti-FIiN immunoblots of the
same samples in A. (C) Saturation binding curve generated from
the mean of three experimetsSEM. Inset: Hill plot of saturation
binding data.

FliH—Flil Complexes Bind FliN.Saturation analysis of
FIliN binding to FliH when in the presence of Flil in an
overexpressed lysate was performed (Figure 2). The-FIiH
Flil lysate was produced from pACTrcHI. Quantitation of
FliH between lysates was subject to experimental error, and
thus theKp was not directly comparable to the FliH-only
lysate used for determination Kf for FIIN—FIiH. However,

the measured mass and we cannot rule it out. we consider™1I-Pound FliH (see Discussion) demonstrated saturation at

FliM ;—FIliN4 the more likely stoichiometry because of the
similarity to theT. maritimacomplex; FliN has an elongated
shape 14) that likely results in the anomalously large gel
filtration elution position.

Complexes were mixed with various amounts of a clarified
lysate containing a known concentration of untagged FliH.
The mixture was incubated at 2% for 2 h with gentle
mixing. The His-FliM—FIliN with bound FliH was then
repurified. Samples were run on 15% SBISAGE gels,

concentrations similar to FliH only and occurred with a
concomitant increase in density of Flil bands in the same
samples (Figure 2A). The Hill coefficient is 14 0.1,
indicating noncooperativity (Figure 2B, inset). Although the
specificity of the anti-Flil antibody was insufficient to
determine a pseuddp (Flil itself does not bind FliN) under
the same conditions used to measure HHIN binding,

the pattern of increasing Flil band density parallels that of
FliH (Figure 2B), strongly suggesting that FiHFlil com-
plexes bind to FliN in a manner similar to FliH alone.

transferred to nitrocellulose, and subjected to immunoblotting * FjiN from a ts Mutant Has Altered Affinity for FIliH

using anti-FliH antisera. No FliH bound to the resin in temperature-sensitivéla fliN mutant strains MY669 and
parallel experiments performed with His-FliM alone or no g j\w2284 have been describ@@(23. The entirefliN gene
His-tagged protein; i.e., under experimental conditions, all |, 45 amplified from chromosomal DNA prepared from the
detectable FliH binding to FIiN was specific (data not ,tants and sequenced. Both were found to be single-base
shown). substitution mutations. MY669 contains a T260G substitu-
Figure 1A shows a typical anti-FliH blot used for satura- tion, which codes for FIiN with a V87G replacement.
tion binding analysis. The same samples blotted with anti- SJW2284 contains T266A that codes for L89Q.
FliM and anti-FIIN demonstrate that the His-FIiMFIiN FliH saturation binding analysis was performed with the
complex is retained under experimental conditions and thattwo FIiN variants coded by the mutations coproduced from
the quantities remain constant in all samples (Figure 1B). pJM341 and pJM342 and purified in complex with His-FliM
His-FliM—FIiIN was retained in all samples in a parallel in the same manner as for wild-type FIiN (Figure 3A and
experiment with a BL21(DE3)pLysS lysate that did not 3B). Both His-FIiM and FIiN were retained as shown for
contain FliH; i.e., the lysate did not cause dissociation of the wild-type (Figure 1B), indicating that the variants did

FIliN from His-FliM or interfere with the binding of His-
FliM —FIiN to the resin (data not shown). Figure 1C shows
the saturation binding curve from which thi€p, was
calculated to be 118 20 nM. The Hill coefficient is 1.1
0.2, indicating noncooperativity (Figure 1C, inset).

not differ in FliM binding (data not shown). Th&, for FliH
binding by FIIN(V87G) is 270+ 60 nM (Figure 3A), which

is noticeably weaker than the wild-type. Tkg for FliH
binding by FIiIN(L89Q) is 19G+ 40 nM (Figure 3B), which

is intermediate but weaker than the wild-type affinity. These
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Ficure 2: Flil-bound FIliH saturation binding analysis of wild-
type FIliN. (A) Representative anti-FliH and anti-Flil immunoblots
of repurified His-FIiM—FIIN—FliH—FIil complexes from the
saturation binding assay. The concentration of FliH in each sample
is shown above each lane. (B) Saturation binding curve for FliH
(solid line) generated from the mean of three experimeng&EM.

The triangles represent anti-Flil band densities (normalized to
densest band= 100%) in the immunoblot. The dotted line is
intended as an aid for the eye only to demonstrate that the increase 250 500 750 1000 1250 1500 1750
in Flil band density parallels that of FliH. Inset: Hill plot of FliH [FliH] nM

saturation binding data.
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Ficure 3: FliH saturation binding analysis with temperature-

bindi tant t | | | tion for th sensitive FliNs. (A) Representative anti-FIiH blot and saturation
Inding constants suggest a molecular explanation 10r the y;nging analysis of repurified His-FIiIMFIIN(V87G)—FIliH. The

mutant phenotypes. Hill coefficients are 14 0.2 for concentration of FliH in each sample is shown above each lane.
FIIN(V87G) and 1.3+ 0.2 for FIIN(L89Q), suggesting  The saturation binding curve was generated from the mean of three
noncooperativity (see Discussion). experimentst SEM. Inset: Hill plot of saturation binding data.

; ; _ ; (B) Representative anti-FliH blot and saturation binding analysis
Disruption of the Surface-Exposed Hydrophobic Patch of His-FliM—FIiN(L89Q). The arrangement is the same as that in

Reduces FIiN Affinity for FliH Paul et al. showed thd. A
coli FliN variants with alterations in the conserved hydro-
phobic patch had flagellation defects (K. Paul, J. Harmon,
and David Blair, personal communication). We made three
of these variants irBalmonellaFliN, FIiN(V111D), FIliN-

[FliH] nM
13 27 53 107 143 213 427 853 1280

(V112D), and FIiN(V113D) E. coli and SalmonellaFliNs WT | pryp——
are invariant from residues 5237); overproduced them as [FliH] nM

His-FIiIM—FIiN complexes from pJM349, pJM358, and o R B e B T
pJM359; and purified and subjected them to FliH saturation V111D [ ' p— ‘

binding analysis (Figure 4). Though binding was specific,
saturation was not achieved within the limits of the assay; 8 V11 2D| 2 itand ‘
uM was the FliH concentration in the undiluted lysate. Thus, V113D[ o
aKp could not be determined, but the affinity is substantially

weaker than that of the wild-type and the V87G and L89Q Ficure4: FliH binding analysis of FIiN hydrophobic patch variants.
variants. (Top) Wild-type (WT) FIiN is shown for comparison. (Bottom)

. . . Patch variants FliN(V111D), FliN(V112D), and FIliN(V113D) were
A fliN Null Export Defect Is Alleiated by Qrerproduction not saturated with FliH within the limits of the assay. The

of Flil. Overproduction of Flil has been shown to alleviate concentration of FliH in each sample is shown above each lane.
export and motility defects in MKM10, &iH null strain.

Interestingly, MKM10, weakly motile at 36C, is immotile thereof in theliR null MKM65, which has a complete export
at 42°C even in the presence of overproduced Flil (as are defect (lanes +4). MKM15 exhibited very weak export
SJW2284 and MY669) (data not shown). Thus, attempts to when transformed with an empty vector but robustly exported
mimic the bypass effect with théliN'* mutants proved  FlgD when Flil was overproduced from pMM1702 (lanes 7
impossible because the effect does not occur at the restrictiveand 8), mimicking the FliH bypass in MKM10 (lanes 5 and
temperature even in MKM10. HowevéitiN null MKM15 6). FlgD was detected at similar levels in all cells. Though
did exhibit the bypass effect (Figure 5). Overproduction of export competent, MKM15 remained immotile upon over-
His-Flil from pMM1702 did not affect export of the hook-  production of Flil, likely reflecting motor rotation defects
capping protein FIgD in wild-type strain SJW1103 nor lack due to the absence of FIiN (data not shown).




FliH Specifically Binds C Ring Protein FIiN Biochemistry, Vol. 45, No. 39, 20061795

8 & - 5 free FliH (Figure 2). Although the possibility that free FliH
S *E =8 || =2 bound FIiN and was in turn bound by Flil exists, several
P = |l observations argue that free FliH was unlikely to be present
il i SR in the lysate in any significant quantity. Overproduced FliH
| = 5 and His-Flil ran as a single band in native gels in which
— - — — up

free Flil was not present in detectable quantiti®s (n our
i s . G e, e | Cells measurements, Flil was present in excess of FliH relative to
the (FliH)FIil stoichiometry, suggesting that all FliH was

) . ) in complex with Flil; FliH cannot displace Flil from His-
Ficure 5: Effect of Flil overproduction on the export of hook- Flik hich it had b . v b d ting that
capping protein FigD. Anti-FigD immunoblots of culture super- T 'H t0 which it had been previously bound suggesting tha

natant (upper panel) and cell lysate (lower panel) in wild-type strain ONnce bound dissociation is negllglble under conditions nearly
SJW1103 (lanes 1 and ZJiR null MKM®65 (lanes 3 and 4)fliH identical to those of the saturation binding assay (J. Mc-

null MKM10 (lanes 5 and 6), anfliN null MKM15 (lanes 7.and  Murry, unpublished observation). We suspect that the affinity
8). (~) Cells transformed with empty pTrc99As} Cells trans- ¢ Fjiy for FIN is insensitive to the presence of Flil;
formed with pMM1702 (encoding His-Flil). - . - .
development of a binding assay using purified untagged FliH
and FliH-Flil will help resolve this issue.
DISCUSSION FliH—FIiN Binding Is Not Cooperatie. The saturation
Copurification and two-hybrid observations in flagellar binding curves presented herein are fit to single-site binding
(27) and other type Ill system®24, 25, 33 have identified hyperbolae. They do not fit a two-site model. FliH forms a
a FliIN—FIiH interaction. This study demonstrated that the dimer, andT. maritima FliM —FIliN complexes possess a
interaction is specific, that binding is submicromolar in FliM;—FIliN,4 stoichiometry {4). FIiN—FIliH binding might
affinity, that FIiN from a mutant defective for export has a be expected to be cooperative. However, the Hill coefficient
weaker affinity for FliH, and that similar to the FliH bypass for FliH binding by FIiN is close to 1 (1.2 0.2) for wild-
effect the export defect of &iN null can be alleviated by  type FIliN, indicating that binding is not cooperative. We
overproduction of Flil. Thus, we suggest that FliH serves to speculate that the FliN variants are also not cooperative and
localize Flil to the C ring, and likely the membrane apparatus, that their relatively higher Hill coefficients (1.4 0.2 and
via interaction with FIiN. 1.3+ 0.2) are the result of the limitations of the sensitivity
Mutations in all three C ring proteins can resultfia of our assay and use of linear regression to analyze saturation
phenotypes. However, our results indicate that FIiG and FliM binding data, though we cannot rule out a change in
do not participate directly in binding to FliH or Flil. It is  cooperativity. Interestingly, FliN binding to Flil-bound FliH
likely that export defects irfla, fliG, fliM, and soméfliN is also not cooperative; the Hill coefficient is 14 0.1.
strains result indirectly from altered interactions among the Whether binding within intact C rings or in the presence of
C ring proteins themselves. These could lead to the absenceATP analogues, in which Flil forms homohexame8)(
of FliN from, or incorrect incorporation into, the C ring, would affect the cooperativity of FIiIHFIIN binding are
resulting in failure of FliH to localize to the basal body. important matters for future investigation.
Interestingly, at the restrictive temperature, FliF (the MSring  The Affinities of FIiN Variants for FliH Correlate with
protein) and probably FliP and FliQ incorporated into the the Phenotypes of the Mutan®rima facie, the difference
basal body irfliN* mutant MY669 22). Our present results  in affinities of FliH for FIiN between the twdliN's mutants
indicate that other membrane components are able toseems odd given the primary sequence and spatial proximity
assemble in the absence of FliN because there is very wealof the mutations. Indeed, more dramatic affinity differences
export activity (Figure 5, lane 7). Thus, assembly of the may be present at 42C, but saturation binding at the
membrane export apparatus components is probably notrestrictive temperature could not be carried out for technical
dependent on FIiN, but efficient delivery of substrates to them reasons. However, there are differences in the phenotypes.
is. The FIiN(V87G) mutant, MY669, regained export function
Saturation Binding AssayThis study is the first to  when shifted to the permissive temperature, but the FIiN-
guantitatively address binding of FliH to FIliN. Copurification  (L89Q) mutant, SJW2284, failed to regrow filaments after
and two-hybrid assays, while informative, are potentially shearing, was immotile even if not sheared after a shift to
susceptible to nonspecific interactions. The saturability of the restrictive temperature, and did not regain motility when
FliH binding to His-FIiIM—FIIN demonstrates specificity. We  shifted back to the permissive temperatu2@,(23. Thus,
developed the binding assay using FliH lysates because wethe phenotype of MY669 might be explained solely by an
were unable to purify untagged FliH that was suitable for altered FIiN affinity for FliH, but the defect of SJw2284
binding studies. Attempts to remove His-tags or to purify may be viewed as more severe, perhaps due to other altered
untagged FliH either failed or produced FliH that had an interactions.
unacceptably high degree of nonspecific binding. Although It is unlikely that the FIIN(V87G) and FIliN(L89Q) variants
determination of FliH concentration by immunoblots is directly disrupt the FliH binding site. An alignment of
suboptimal and subject to experimental error, the same FliH SalmonellaFliN with T. maritimaFIliN and Pseudomonas
lysate was used in assay binding of all FliN variants. The HrcQB sequences is shown in Figure 6A. The residues
Kp’'s are thus comparable, and the relative affinities of the making significant contributions to the surface-exposed
FliNs for FliH are V87G < L89Q < WT. hydrophobic patch are shown fér maritima.The solvent-
FliH —FIiN Binding in the Presence of FliUsing a lysate exposed surface of the maritimaFIiN is shown in Figure
in which both FliH and Flil had been overproduced, Flil- 6B. It demonstrates that 1104 and L106, the residues
bound FliH was shown to bind FliN in a manner similar to corresponding t&almonellav87 and L89, have very little

o-FlgD

AT = S = = S e
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1104 (V87)

L106 (L89)

Hydrophobic Patch
L86 (L68),T110 (A93),
V128 (V111), V130 (V113),
F135 (Y118)

Ficure 6: (A) Alignment of SalmonellaFIliN residues 58137 and corresponding sequences frohermotoga maritimaliN (residues

74—154) andPseudomonas syringdé¢rcQB (57—128). Salmonellaresidue numbers are shown along the top. Highly conserved residues

are highlighted in redSalmonellav87 and L89 and corresponding residues are shown in yellow. Residues identified by BrowriLé} al. (

as being involved in the surface-exposed hydrophobic patch are boxed and highlighted in blue. (B) StruEturamimaFIiN dimer
(accession number 1YAB) with the hydrophobic patch surface shown in light brown. The surface exposed areas of 1104 and L106 are
shown in orange. The correspondiSgimonellaresidues are in parentheses. Hydrophobic patch residues are shown for both monomers.
1104 and L106 are only shown for one chain. The structure was made using PyMol, version 0.99 (Delano Scientific LLC,
http://pymol.sourceforge.net/).

surface exposure: only the backbone carbonyl oxygen of FliH serve well to localize FliH-Flil complexes to the C
L106 is surface exposed, whereas the side chain of 1104 isring on their way to the membrane-integrated export ap-
partially exposed. There is likely less surface exposure of paratus components, conferring an entropic advantage with-
V87 in SalmonellaFliN owing to its shorter side chain. The  out unduly detaining them with stronger binding.
bulk of the residues is buried and is underneath the Flil is capable of export sufficient for motility upon
hydrophobic surface patch. Thus we speculate that theoverexpression in #iH null strain and export in #iN null
variants exert their effects indirectly. Brown et al. made a strain. Second-site “bypass” mutations of fhiel null were
mutation that resulted in a patch variant (V113D) that localized toflhA and flhB (32). FIhB and probably FIhA
affected both flagellation and switching in a temperature- protrude from the interior of the C ring (J. McMurry and N.
sensitive mannerd). As those authors noted, patch residues Francis, unpublished observation), likely constituting what
are conserved even in two species that do not have ahas been described as the C r@®)( Perhaps less stable,
chemotactic signaling pathway and whose FliN homologues lower affinity interactions with FIhA and FIhB are sufficient
are therefore uninvolved in switching, suggesting the pos- for export when Flil is overproduced, i.e., the state required
sibility that the patch is a binding site for an export protein. for fliH andfliN null bypass effects, but FliH-mediated C
That protein is likely FliH. Indeed, in FliH binding experi-  ring localization is required for efficient export in the wild-
ments utilizing FIIN hydrophobic patch variants V111D, type case where Flil concentrations are dramatically lower.
V112D, and V113D, all of which exhibit flagellation defects Flil and FliH interactions with FIhA and FIhB shown by
in vivo (K. Paul, J. Harmon, and David Blair, personal affinity blotting have been reported 3, 37. There are a
communication), saturation was not achieved within the number of flagellar secretion systems for which there is no
limits of our assay (Figure 4). Thus, tKg's for FliH binding obvious FliH homologue3d). It is possible that the bypass
to these FIliN variants are at least severalfold higher than effect seen by Minamino et al32) reflects how apparatuses
those for the wild-type, supporting the hypothesis that the probably lacking FliH, e.g.Aquifex aeolicusoperate.
hydrophobic patch is the FliH binding site. Model for Dynamic Interactions between the Export
FIIN—FIliH Interactions within the C Ringlt is unlikely Apparatus and the C Rin@urrent findings and previously
that every FIiN within the C ring is occupied by FliH. An  reported results are incorporated into a model (Figure 7). At
estimated 111 13 copies of FliN are present in the C ring the top of the schematic (Figure 7A) is the “resting state” in
(15), probably well in excess of the number of FliH or FiH which (FliH),Flil is bound to the C ring near its cytoplasmic
Flil complexes involved in export at each basal body. face where FliN is likely located3g). In Figure 7B, an export
Underexpression of FliN allowed for flagellar assembly but substrate is delivered to (FlikBlil, in this case by the general
not rotation (7), demonstrating that the number of FliNs chaperone FliJ39). FliH and FliJ copurify when overpro-
sufficient for export is less than that required for rotation. duced 40). In Figure 7C, the (FliHFlil —substrate complex
The position of FIiN within the C ring remains a matter of dissociates from FIiN and migrates to the cytoplasmic
some speculation. However, electron microscopic image domains of FIhA and/or FIhB. The distance between the
reconstructions show a bulge at the bottom of the C ring bottom of the C ring where FliH may bind FliN and the
into which FIiN tetramers could fit35). Perhaps the position membrane, as much as 17 n88), is such that FIiN-FIiH
of FIliN within the C ring, the likely availability of unoc-  dissociation is likely. The FliN-FliH interaction is dynamic;
cupied binding sites, and the moderate affinity (110 nM) for FliH competes for FliH-Flil binding to His-FIiIM—FIiN (J.
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’\ export
ubstrate
(ES)

Ficure 7: Model of export apparatus function incorporating FiN
FliH interactions. Flagellar structural components (C ring, MS ring,
and rod) are dark blue. Export apparatus proteins are cyan. (A)
The resting state in which (Flib#ylil is bound to FliN at the bottom

of the C ring. (B) The export substrate is delivered by general
chaperone FliJ. (C) (FliHFlil export substrate dissociates from
FliN and binds the membrane-bound export apparatus. (D) Flil-
catalyzed ATP hydrolysis allows for export of the substrate across
the CM into the flagellar lumen. (E) Post export, (FEANI shuttles
back to FIiN in preparation for receiving another substrate.
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McMurry, unpublished observation). Interactions of FliH and
Flil with the cytoplasmic domains of FIhA and FIhB have
been observedlB, 37). ATP hydrolysis by Flil in Figure
7D powers the translocation of the export substrate. Dis-
sociation of the FIhA-FIhB—FliH—FIil complex post trans-
location would allow multiple Flil complexes to function.
Another (FliH)Flil —substrate complex is shown dissociating
from the C ring (Figure 7E).

Alternate possibilities abound. (FlitBlil may interact with
chaperones and substrates in the cytoplasm prior to binding
FliN. Indeed, stalled intermediate complexes of FliH, Flil,
and variant chaperones that strongly bind their substrates
have been detected in the cytoplas#d)( FliH may bind
FliN in the absence of Flil. Flil may dissociate from FhN
FliH upon arrival of an export substrate and migrate to the
membrane-bound export apparatus on its own; Flil has an
affinity for lipids (42). Higher-order oligomers of FliHFlil
may play a role in export, particularly when Flil approaches
the membrane-bound apparatus. Flil forms hexamers in vitro
in the presence of nonhydrolyzable ATP analogues, and
oligomerization of Flil is promoted b¥. coli lipids (34);
whether FliH participates in Flil oligomerization is unknown.
There is evidence that FliJ binds to FIhA3, 37, 40
suggesting that FliJ may remain in complex with FHiHIil.
Further investigation should shed significant light on the
dynamics of flagellar export.
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