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Macromolecular structures such as the bacterial flagellum in Gram-negative bacteria must traverse the cell wall. Lytic transgly-
cosylases are capable of enlarging gaps in the peptidoglycan meshwork to allow the efficient assembly of supramolecular com-
plexes. We have previously shown that in Rhodobacter sphaeroides SItF, the flagellar muramidase, and Flg]J, a flagellar scaffold
protein, are separate entities that interact in the periplasm. In this study we show that the export of SItF to the periplasm is de-

pendent on the SecA pathway. A deletion analysis of the C-terminal portion of SItF shows that this region is required for SItF-
SItF interaction. These C terminus-truncated mutants lose the capacity to interact with themselves and also bind FlgJ with
higher affinity than does the wild-type protein. We propose that this region modulates the interaction with the scaffold protein

FlgJ during the assembly process.

Motility has given bacteria an evolutionary advantage and is
therefore widespread in nature. The assembly of the cell-
spanning flagellum is costly for the bacterial cell and is tightly
regulated (2, 5). The bacterial flagellum can be divided into three
substructures: a basal body that acts as a motor, a filament that acts
as a propeller, and a universal joint also known as the hook, which
links the basal body and the filament. The electrochemical gradi-
ent drives rotation of the motor that generates the thrust needed to
propel the bacterial cell. Biogenesis of the bacterial flagellum re-
quires the hierarchical expression of more than 50 genes, and the
assembly of this structure proceeds outwardly from the proximal
to the distal end (6, 22, 34). The basal body is composed in Gram-
negative bacteria of an axial rod and three ring-like structures
named the MS, P, and L rings. The MS ring is embedded in the
cytoplasmic membrane and interacts with the C ring that houses
the export apparatus, which acts as a switch and interacts with the
stator proteins (28, 40). The rod is a heterogeneous filamentous
structure composed by four proteins: FlgB, FlgC, FlgF, and FlgG
(14). The P and L rings are attached to the peptidoglycan (PG)
layer and outer membrane, respectively, and also surround the
axial rod. At a certain point in the assembly process, the PG layer,
a mesh-like structure of glycan chains of alternating N-acetyl mu-
ramic acid and N-acetylglucosamine cross-linked by interpeptide
bonds (36) that has an average mesh diameter of ca. 4 nm (23),
must be penetrated by the rod, which has a diameter of ca. 11 nm
(33). FlgJ, which is required for rod assembly (19) in beta- and
gammaproteobacteria, has a dual function: acting as a scaffold for
rod assembly and also acting as a muramidase degrading the PG
layer to facilitate rod penetration (13, 27). Although the murami-
dase activity of FlgJ is important for flagellum biogenesis, it is not
absolutely required for the assembly process, given that mutants
that lack this activity show a leaky phenotype (13). This was ex-
plained based on the idea that, occasionally, the nascent structure
finds a gap in the peptidoglycan layer; when this happens, a com-
plete flagellum is assembled.

It has been reported that only beta- and gammaproteobacteria
possess Flg] homologues that contain a muramidase domain at
the C terminus (25). We have previously reported that FlgJ from
Rhodobacter sphaeroides lacks the muramidase domain (11). At
least three studies have been performed that analyzed Flg] homo-
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logues from various bacteria, and it was noticed that various alp-
haproteobacteria, including R. sphaeroides, possess Flg] homo-
logues that lack the C-terminal muramidase domain (8, 25, 39). In
R. sphaeroides, Flg] is similar to the N-terminal part of Flg] from
Salmonella enterica, suggesting that this polypeptide of 100 resi-
dues accomplishes the same function as the N-terminal domain of
FlgJ from S. enterica, which acts as a scaffolding rod-capping pro-
tein (11, 13). In accordance with this, an flg/ mutant in R. spha-
eroides has a Fla~ phenotype (13), indicating that the canonical
domains of S. enterica FlgJ can act separately in other species. We
have previously demonstrated the presence of a flagellum-specific
muramidase in R. sphaeroides, SItF, that is encoded within the flgG
operon (8). It is possible that this protein is exported to the
periplasm via the SecA pathway, where it would interact with Flg]
and would open a gap in the PG layer. In the present study, we
investigated whether the C-terminal region of SItF is involved in
the interaction with Flg]J.

MATERIALS AND METHODS

Strains, plasmids, and oligonucleotides. The bacterial strains, plasmids,
and oligonucleotides used in the present study are listed in Table 1.
Media and growth conditions. Sistrom’s culture medium (31) was
used to grow R. sphaeroides at 30°C under constant illumination in com-
pletely filled screw-cap tubes. When required, the following antibiotics
were added at the indicated concentrations: nalidixic acid, 20 pg/ml; spec-
tinomycin, 50 wg/ml; tetracycline, 1 wg/ml; and kanamycin, 25 pg/ml.
Strains of Escherichia coli were grown in Luria-Bertani medium (1). When
needed, antibiotics were added at the following concentrations: spectino-
mycin, 50 pwg/ml; kanamycin, 50 pg/ml; tetracycline, 25 pg/ml; and am-
picillin, 200 pg/ml. Saccharomyces cerevisiae was grown in YPDA medium
(1) at 30°C or in minimal synthetic defined (SD) medium (Clontech,
Mountain View, CA). Standard molecular biology techniques were used
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TABLE 1 Bacterial strains, plasmids, and oligonucleotides

Strain, plasmid, or oligonucleotide

Relevant characteristics or sequence (5'-3")¢

Source or reference

Strains

E. coli
JM103
M15[pREP4]
BL21(DE3)/pLysS
DH5a
S17-1

R. sphaeroides
WS8-N
SItF1
RsgJ-np

S. cerevisiae AH109

Plasmids
pQE30
pQE60
PRSJ
pRSIsltF
pRsltFA4
pRsltFA5
pRsltFA6
PRKGSItF
PRKSItFES7A
pRKGsItFA4
pRKItFAS
pRKGsItFA6
pTZ19R/18R
pRK415
pIND4
PINSItF
pINSItFASP
PINSItFA4
PINSItFA5
pINSItFA6
psltFA5
pGT001
pGADT7
pGBKT?
pGAD-SItF
pGAD-SItFA4
pGAD-SItFA5
pGAD-SItFA6
pGBD-SItF
pGBD-SItFA4
pGBD-SItFA5
pGBD-SItFA6
pGADT7-Flg]
pGBKT7-FlgJ

Oligonucleotides
sltFfwsec+
sltFfwsec—
fwl
sltFrv
orf72fw
orf72rv
orf72rvA24
orf72rvA48
orf72fwA24int
orf72rvA24int
orf72rv
orf72fw57A

hsdR4 A(lac-pro) F' traD36 proAB lac"ZAM15

thi lac ara™ gal mtl F' recA* uvr™ lon™; pREP4 plasmid; Kan"

F" ompT hsdSy(ry~ my ) gal dem(DE3)/pLysS

supE44 AlacU169($80dlacZAM15) hsdR17 recAl endAl gyrA96 thi-1 relAl
recA endA thi hsdR RP4-2-Tc:Mu::Tn7; Tp' Sm" Kan:Tn7

Wild type; spontaneous; Nal

WS8-N derivative AsltF(1-336)::aadA Fla™; Spc” Nal*
WS8-N derivative flgJ::aadA Fla™; Spc' Nal*

Yeast reporter strain, for HIS3, ADE2, and lacZ

Expression vector; Amp" N-terminal His, tag

Expression vector; Amp" C-terminal Hisg tag

flgJ cloned into the Ncol/BgllI sites of pQE60

sltF cloned into the Sacl/HindIII sites of pQE30

PQE30 derivative carrying, sltFA(723-795)

PQE30 derivative, carrying sltFA(651-723)

PQE30 derivative, carrying, slitFA(651-795)

1.4-kb PstI/Pstl fragment carrying sltF cloned into the EcoRI/HindIII sites of pRK415
sltF2(E57A) cloned into the EcoRI/HindIII sites of pRK415

sItFA(723-795) cloned into the EcoRI/HindIlII sites of pRK415
sItFA(651-723) cloned into the EcoRI/HindIII sites of pRK415
sItFA(651-795) cloned into the EcoRI/HindIII sites of pRK415

pUC derivative multifunctional plasmid carrying lacZ gene for screening; Amp"
pRK404 derivative; used for expression on R. sphaeroides under the lac promoter; lacZ mob™; Tc"
IPTG-inducible expression vector for R. sphaeroides; Kan"

sitF wild type cloned into the Ncol/BgllI sites of pIND4

sitF wild type without SEC signal cloned into the Ncol/BglIT sites of pIND4
sItFA(723-795) cloned into the Ncol/HindIII sites of pIND4
sItFA(651-723) cloned into the Ncol/HindIII sites of pIND4
sItFA(651-795) cloned into the Ncol/HindIII sites of pIND4

1.4-kb PstI fragment carrying s/tFA(651-723) cloned into pTZ19R; Amp"
1.4-kb PstI fragment from pBG313 subcloned into pTZ19R; Amp*

GAL4 activation domain, LEU2

GAL4 DNA binding domain TRP1

pGADT7 derivative expressing GAL4 AD-sltF

pGADT?7 derivative expressing GAL4 AD-sltFA(723-795)

pGADT7 derivative expressing GAL4 AD-sltFA(651-723)

pGADT7 derivative expressing GAL4 AD-sltFA(651-795)

pGBKT?7 derivative expressing GAL4 BD-sltF

pGBKT?7 derivative expressing GAL4 BD-sltFA(723-795)

pGBKT?7 derivative expressing GAL4 BD-sltFA(651-723)

pGBKT?7 derivative expressing GAL4 BD-sltFA(651-795)

PGADT7 derivative expressing GAL4 AD-flg]

pGBKT?7 derivative expressing GAL4 BD-flg]

CATGCCATGGCACGGCCCTTGCCCGCG
CATGCCATGGCGGACGAGGGCTGCGAGACG
CTGATCTAGACCCTCCGGCCCCGGCCACGGTG
GGAAGATCTCGGTTGCATTGCGAGCAGGTC
CATGGAGCTCGCGGACGAGGGCTGCGAGACG
CCCGAAGCTTTCACGGTTGCATTGCGAGCAG
CCCGAAGCTTTCACGCCTCGGCGAGGAGGTCCGG
CCCGAAGCTTTCACCGGGGCAGCCCTCCCTGCGT
CGCAGGGAGGGCTGCCCCGGGACCTTCCGCAGCGCCTGCG
CGCAGGCGCTGCGGAAGGTCCCGGGGCAGCCCTCCCTGCG
CCCGAAGCTTTCACGGTTGCATTGCGAGCAG
GGCGATTGCCCGCGTGGCGTCGGGCCGGGGCGGGC

1

Qiagen
Novagen
12

30

32

8

11
Clontech

Qiagen
Qiagen

8

This study
This study
This study
This study
8

This study
This study
This study
This study
Pharmacia
18

16

This study
This study
This study
This study
This study
This study
11
Clontech
Clontech
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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TABLE 1 (Continued)

Modulation of SItF-FlgJ Interaction in R. sphaeroides

Strain, plasmid, or oligonucleotide

Relevant characteristics or sequence (5'-3")¢

Source or reference

orf72rv57A GCCCGCCCCGGCCCGACGCCACGCGGGCAATCGCC This study
ADBDsltFfw CCTGCATATGGCGGACGAGGGCTGCGAG This study
ADDBsltFrv CCTGGGATCCTCACGGTTGCATTGCGAG This study
ADBDflgJfw CCTGCATATGGAACTGAAGCTTCAGGCC This study
ADBDFlgJrv CCTGGGATCCTCACGACTTGCCGTCCCT This study
ADBDsltF24rv CCTGGGATCCTCACGCCTCGGCGAGGAG This study
ADBDsltF48rv CCTGGGATCCTCACCGGGGCAGCCCTCC This study

@ Sm', streptomycin resistance; Nal", nalidixic acid resistance; Tp", trimethoprim resistance; Tc", tetracycline resistance; Amp", ampicillin resistance; Spc”, spectinomycin resistance;

Kan", kanamycin resistance.

for the isolation and purification of chromosomal DNA from R. spha-
eroides WS8-N (1). Plasmid DNA and PCR fragments were purified with
QIAprep spin and QIAquick PCR kits, respectively (Qiagen, GmbH). The
products were cloned either in pTZI9R or pTZ18R as required. DNA
sequence was carried out in an ABS-Prism automatic sequencer. PCRs
were carried out with PfuTurbo (Invitrogen, Carlsbad, CA), and the oli-
gonucleotides were synthesized by Sigma-Aldrich.

Motility assays. A 5-pl sample of a stationary-phase culture was
placed on the surface of swarm plates (1), followed by aerobic incubation
in the dark at 30°C. Swarming ability was recorded as the ability of bacteria
to move away from the inoculation point after 24 to 36 h of incubation.
Soft agar (0.25%) swimming plates were prepared with Sistrom’s minimal
medium devoid of succinic acid, to which 100 WM sodium propionate and
1 mM IPTG (isopropyl-B-p-thiogalactopyranoside) were added when in-
dicated.

Overexpression and purification of SItF, SItFA4, SItFA5, SItFA6,
and FlgJ. For the wild-type sltF and flg] genes, we used previously de-
scribed plasmids (8). To obtain the mutants SItFA4 and SItFA6, the fol-
lowing oligonucleotides were used: orf72fw, orf72rvA24, and orf72rvA48.
sltFA5 mutagenesis was carried out using the QuikChange method (Strat-
agene) with plasmid pGT001 as a template and the oligonucleotides
orf72fwA24int and orf72rvA24int, followed by a second PCR with
orf72fw and orf72rv. All of the PCR products were cloned in the overex-
pression vector pQE30. Overexpression and purification was carried out
as described previously (8). Protein quantification was carried out by the
method described by Lowry (21). Specific polyclonal gamma globulins for
SItF and FliC, respectively, were produced as described previously (8, 11).

Site-directed mutagenesis and complementation assays. The SItF
point mutant (E57) was obtained using the QuikChange method (Strat-
agene). Glutamic acid was replaced by alanine using orf72fw57A and
orf72rv57A oligonucleotides and plasmid pGTO001 as a template. The re-
sulting product was subcloned into pRK415 (18). Mutants SItFA4 and
SItFA6 were obtained by PCR using the oligonucleotides fwl or
sltFfwsec+ and the oligonucleotides orf72rvA24 or orf72rvA48, respec-
tively. SItFA5 was obtained by PCR from plasmid psltFA5. All of the
products were cloned in pTZ19R and further subcloned in pRK415 and
pIND4. The plasmids were introduced into a AsltF strain by diparental
conjugation using E. coli strain S17-1 as described previously (30). The
presence of SItF was verified by Western blot analysis.

Protein export analysis. Two versions of the wild-type sltF gene were
amplified by PCR; one contained the export signal sequence, and the other
lacked it. For this purpose, the oligonucleotide sltFfwsec+ or sltFfwsec—
was used, with sltFrv as a reverse oligonucleotide. Both products were
cloned in the pIND4 plasmid and introduced into a As/tF mutant. Prote-
olysis of the exported protein was carried out as follows. Cell cultures (15
ml) were grown aerobically at 30°C to an optical density at 600 nm
(ODygq) of 0.35. At this point, 1 mM IPTG was added, and growth con-
tinued for 3 h. Harvested cells were washed two times with 5 ml of a buffer
containing 10 mM Tris-Cl (pH 8.0) and suspended in 0.3 ml of a buffer
containing 100 mM Tris-Cl (pH 8.0) and 20% sucrose. The cells were
divided into two aliquots; both were treated with lysozyme (100 pg/ml)
and EDTA (10 mM) for 5 min at 37°C. To one of the vials, 1.5 wl of a stock
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solution of proteinase K (10 mg/ml) was added. The tubes were incubated
for 15 min at 37°C, and the reactions were arrested by the addition of 1.5
plofa 1l mM solution of phenylmethylsulfonyl fluoride. The samples were
analyzed by Western blotting as described previously (20).

SItF stability assays. Wild-type and mutant strains expressing the
truncated versions of SItF were grown at 30°C to an ODy,, of 0.35. At this
point, 1 mM IPTG was added, and growth continued for 1 h. RNA syn-
thesis was arrested by the addition of rifampin from a stock solution (50
mg/ml) to a final concentration of 800 pg/ml. Growth was continued, and
samples were drawn at different times and analyzed by Western blotting.
The density of the corresponding bands was determined and plotted as a
function of time. The data were adjusted to fit a first-order decay function
in order to establish the degradation constant and the half-lives of the
various versions of SItF (3).

FliC secretion. Cells were grown photoheterotrophically for 16 h until
reaching an ODy, of 2.0 and then centrifuged for 15 min at 16,000 X g.
The supernatant was centrifuged again, and the filtered through a Milli-
pore membrane (pore size, 22 wm). Soluble proteins in the supernatant
were precipitated with chloroform-methanol, centrifuged, and sus-
pended in sample buffer as described earlier (38). The pellet fraction was
suspended in 200 pl of sample buffer. The protein concentration was
determined by the method of Lowry (21), and the samples were analyzed
by Western blotting.

Muramidase activity assays. A technique known as zimodot or liso-
plates was used to determine muramidase activity. Petri dishes filled with
soft 1% agarose containing a cell lysate from Micrococcus lysodeikticus to
be used as a substrate at a concentration of 50 mg/ml in phosphate buffer
(50 mM NaH,PO, [pH 6.5]) as described previously (2a). The lisoplates
were inoculated with 20 pg of protein and incubated for 12 h at 30°C.

Immunoprecipitation. Sepharose CL-4B coupled to protein-A (20
wl) (Sigma Chemicals) was incubated with 8 g of anti-SItF gamma glob-
ulin in 1 ml of phosphate buffer (50 mM; pH 7.5) for 12 h at 4°C; the tube
was then centrifuged, and the supernatant was discarded. To evaluate the
interaction of SItF, SItFE57A, SItFA4, SItFA5, and SItFA6 with Flg], 0.07 or
0.14 uM concentrations of each protein were incubated for 1 h at 4°C
before the addition of the specific anti-SItF gamma globulins attached to
protein A-Sepharose. The mixture was then incubated for 60 min at 4°C
and washed five times with 1 ml of phosphate buffer. The resulting pellet
was suspended in 30 pl of sample buffer and boiled for 10 min. The
samples were then subjected to SDS-PAGE and transferred to nitrocellu-
lose membranes treated as described above and developed using His-
Probe-HRP at a 1:10,000 dilution (Pierce Chemicals, Rockford, IL).

Yeast two-hybrid assays. The Matchmaker GAL4 Two-Hybrid Sys-
tem 3 (Clontech) was used to test the interaction between SItF with FlgJ
and the various versions of truncated mutants. The genes were amplified
using oligonucleotides ADBDsltFfw, ADBDsltFrv, ADBDsltF24rv,
ADBDsltF48rv, ADBDflgJfw, and ADBDAlgJrv. For the sltFA5 cells, mu-
tant plasmid psltFA5 was obtained by using oligonucleotides ADBDsltFfw
and ADBDsltFrv. The products were cloned into pGADT7 (encoding the
DNA activation domain [AD] of GAL4 and LEU?2 as a selection marker)
and pGBKT7 (encoding the DNA binding domain [BD] of GAL4 and
TRP1 as selection marker). Different combinations of plasmids
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FIG 1 (A) Phenotypic analysis of various strains of R. sphaeroides: WS8 (wild-type), SItF1 (AsltF), SItF1/sltFASP, and SItF1/sltF. The sltF alleles were cloned in
vector pIND4 (for details, see Materials and Methods). Swimming assays on soft agar plates were carried out in 0.25% agar supplemented with 100 wM sodium
propionate and 1 mM IPTG. The cells were grown under aerobic conditions at 30°C for 48 h. (B) Western blot analysis of the same strains shown in panel A, using
anti-SItF gamma globulins. (C) Sensitivity to proteinase K of SItF with or without signal peptide analyzed by Western blotting with anti-SItF gamma globulins.
Proteinase K was added where indicated (+). (D) Cell fractionation and osmotic shock were performed as described previously (10). Pellet and periplasmic
fractions were analyzed by Western blotting with specific anti-SItF and CheY6 gamma globulins at dilutions of 1:2,500 and 1:300,000, respectively. SDS-12.5%

PAGE was used in all cases.

(AD+BD) were cotransformed into yeast strain AH109. Double transfor-
mants were selected as tryptophan and leucine prototrophs. After the
initial selection, the different transformant strains were grown overnight
in 3 ml of SD minimal medium lacking tryptophan and leucine and sup-
plemented with histidine. Aliquots of the cultures were washed once with
SD minimal medium lacking Trp, Leu, and His and then normalized to an
ODy, of 0.5. Next, 10-fold serial dilutions were made in the same me-
dium. Aliquots (10 pl) drawn from these dilutions were seeded onto se-
lection plates lacking Trp, Leu, and His. A control plate lacking Trp and
Leu was also included. The yeast strain AH109 was transformed with
plasmids provided with the kit that represent positive and negative inter-
actions. These plasmids encode the DNA BD or the AD of GAL4 fused
either to p53 (murine) or to the simian virus 40 large T antigen. These
plasmids were used as a control for positive interaction. As a negative
control, the plasmids encoding the fusion AD-T antigen and the plasmid
BD-lamin C (human) were cotransformed into strain AH109.

RESULTS

In silico analysis suggests that SItF is secreted into the periplasm via
the SecA pathway (8). To obtain experimental evidence to support
this prediction, we deleted the nucleotide sequence on the wild-
type sltF gene that codes for the Sec export signal peptide. The
protein lacking the signal peptide expressed from plasmid
pINSItFASP was unable to complement an SItF1 mutant. On the
other hand, swimming was recovered when the SItF1 mutant was
complemented with the wild-type sltF allele (Fig. 1A). We carried
out Western blot analyses in order to rule out the possibility that
the lack of motility in the SItF1 mutant expressing the SItF Sec™
protein was due to a difference in protein concentration. We
found that SItF, with or without the Sec export sequence, is pres-
ent in equivalent amounts in the cell (Fig. 1B). We also deter-
mined the location of the two versions of SItF by testing the acces-
sibility of proteinase K to SItF in cells that were preincubated with
lysozyme. We found that the mutant version (SItFASP) is pre-
served intact after the addition of the protease, whereas the wild-
type form (SItF), which is exported to the periplasm, is completely
degraded (Fig. 1C). We also carried out cell fractionation experi-
ments that confirmed that SItF is exported to the periplasm,
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whereas SItFASP was not (Fig. 1D). For this experiment, we also
verified that both protein versions were soluble in the cytoplasm
and hence competent to be exported (see Fig. SI in the supple-
mental material). In addition, we determined that CCCP and
NaN; inhibited the export of SItF, as expected for a protein depen-
dent on SecA activity (see Fig. S2 in the supplemental material).

The amino acid sequence alignment of various membrane-
lytic transglycosylases that belong to family 1D (4) shows a con-
served domain of 171 amino acids. This conserved putative trans-
glycosylase domain spans residues 47 to 217 of SItF from R.
sphaeroides (Fig. 2). The rest of the sequence does not share ho-
mology with any known protein. This led us to carry out an anal-
ysis of the remaining 48 residues of the C terminus of SItF (Fig.
2B). Furthermore, secondary structure analysis of SItF does not
show with certainty the presence of coil-coiled structures within
this domain that could account for protein-protein interactions.
We therefore dissected the C-terminal region of SItF by deletion of
either the first 24 residues (SItFA4), the last 24 residues (SItFA5),
or the complete removal of the 48 nonconserved residues of the C
terminus domain (SItFA6) (Fig. 3A). Analysis of this region was
performed by complementation of SItF1 mutants with each of the
three C-terminal truncated mutant alleles. The three C-terminal
deletions were unable restore swimming in soft agar plates (Fig.
3B). We therefore determined whether the three overexpressed
and purified C terminus mutants were catalytically active on lyso-
plates containing a cell lysate from M. lysodeikticus. It was found
that the three isolated mutant proteins (SItFA4, SItFA5, and
SItFA6) showed a transglycosylase activity similar to that of the
wild-type protein (Fig. 3C). In addition, we observed that these
mutant versions of SItF did not exert a negative dominance effect
on the swimming behavior of the wild-type strain (data not
shown).

We also analyzed whether the C-terminal deletions affected the
stability of the protein in R. sphaeroides. For this, the presence of
the modified proteins in cell extracts was determined by means of
Western blot analyses with specific anti-SItF polyclonal antibod-
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FIG 2 (A) Schematic representation of the different functional domains proposed for SItF. (B) Amino acid alignment of various family 1D membrane lytic
transglycosylases. The alignment was carried out using the program MUSCLE (9) and the following sequences: SItF R. sphaeroides (Rs), Pseudomonas aeruginosa
(Pa), Vibrio cholerae (Vc¢), Yersinia pestis (Yp), Escherichia coli (Ec), and Klebsiella pneumoniae (Kp). Arrow indicates the conserved catalytic glutamic residue
among these lytic transglycosylases. An asterisk indicates the start of the nonconserved C terminus of SItF analyzed here.

ies. As shown in Fig. 3D, the presence of either wild-type or mu-
tant SItF was confirmed in strains WSS, SItF1/sltF, SItF1/sltFA5,
and SItF1/sItFA6. It should be noted that two of the mutant pro-
teins (SItF1/sltFA5 and SItF1/sltFA6) are very abundant, as re-
vealed by Western blot analysis. In contrast, the deletion of the last
24 residues (SItF1/sltFA4) renders the protein unstable and was

therefore undetectable (Fig. 3D). This finding led us to determine
the half-life of the various forms of SItF, i.e., with or without the
Sec export sequence, as well as the three C terminus mutants.
The half-life of wild-type SItF was evaluated in a strain devoid of
the scaffold protein FlgJ. The different versions of SItF were tested
in assays wherein the expression of sltF was induced with IPTG
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FIG 3 (A) Schematic representation of SItF showing the Sec signal domain, the transglycosylase (SLT) domain, the C terminus domain (CT), and the three
C-terminus deletions. (B) Swimming assays on soft agar plates were carried out in 0.25% agar supplemented with 100 WM sodium propionate. The strains
analyzed included WS8 (wild-type), SItF1 (AsltF), SItF1/sltF, SItF1/sltFA4, SItF1/sltFAS5, and SItF1/sltFA6. The various alleles of sitF were cloned in pRK415 (for
details, see Materials and Methods). (C) Zimodot analysis of wild-type SItF and the three C-terminal mutant proteins. Lysozyme activity was included as a
control. (D) Western blot analysis with anti-SItF gamma globulins (1:2,500 dilution) of the same strains shown in panel B. (E) Western blot analysis of the same
strains with anti-flagellin gamma globulin (1:10,000 dilution). SDS-12.5% PAGE was used in all cases.
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TABLE 2 Half-lives of different versions of SItF
Mean half-life (min) = SD (n = 3)

SItF version

SItF 4.62 = 0.34
SItF (Asec) 6.42 +0.21
SItF (Aflg)) 7.32 + 0.69
SItFA4 3.45 * 0.242
SItFA5 11.03 = 0.87
SItFA6 15.80 = 0.37

and subsequently arrested by the addition of rifampin. Table 2
shows that the native SItF protein has an average half-life of 4.62
min, whereas SItF expressed in an fIg] genetic background dis-
played an average half-life of 7.32 min. On the other hand, the
Sec™ version of SItF showed an average half-life of 6.42 min, which
is longer than that of the wild-type protein. The three C-terminal
mutants displayed different half-life values; these ranged from
3.45 min for SItFA4 to 11.03 min for SItFA5 and 15.8 min for
SItFAG6. It should be noted that the increased stability of SItFA5
and SItFAG6 is consistent with the increased abundance of protein
observed for these two mutants in Fig. 3D. It was also determined
that these C-terminal mutants of SItF were competent for export
to the periplasm (data not shown).

The lack of complementation observed in swimming assays
(Fig. 3B) was correlated with the absence of flagellin (FliC) in
exconjugant cells. FliC was present in either pellet or supernatant
fractions of wild-type WS8 and SItF1/sltF cells, whereas it was
barely detectable in the pellets of SItF1/sltFA5 and SItF1/sltFA6
cells and absent in SItF1/sltFA4 (Fig. 3E).

It was important to determine whether the three SItF C-termi-
nal mutants retained the ability to interact with FlgJ. Therefore, we
carried out pulldown and yeast double-hybrid assays. Figure 4A
shows that both SItF and the three C-terminal mutants (SItFA4,
SItFA5, and SItFA6) bound to FlgJ. It should be noted that the
signal obtained for the three mutants is stronger than the signal
observed for the wild-type protein. The interaction of the various
mutant proteins was further confirmed in a yeast double-hybrid
assay. For this assay, the activation domain or the DNA BD of
GAL4 was fused to SItF or FlgJ or to the C-terminal mutants of
SItF. A positive interaction was detected as prototrophy for histi-
dine compared to the growth of yeast expressing pairs of proteins
that interact or not (see Material and Methods for details). Figure
4B shows that two of the C-terminal mutants (SItFA5 and SItFA6)
interacted with Flg] with a higher affinity than the interaction
displayed by wild-type SItF with Flg]. This assay also showed that
SItF readily interacts with itself. This finding is in contrast to the
lack of interaction between these mutants. We analyzed by size-
exclusion chromatography whether SItF was able to form multi-
meric complexes. The results showed under our experimental
conditions that SItF exists in solution mainly as a dimer (data not
shown).

We had previously found that a single point mutation of a
glutamic acid (E57A) in SItF inhibits transglycosylase enzymatic
activity in an in vitro assay (8). We carried out in vivo analyses of
this point mutant (SItFE57A) by complementation of the SItF1
mutant. Figure 5A shows that SItFE57A is unable to restore mo-
tility in an slfF mutant. We also determined the presence of flagel-
lin (FliC) in the pellets and supernatants of strains expressing
SItFE57A by Western blot analysis (Fig. 5B). It should be noted
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FIG 4 Interaction of various SItF versions with FIgJ. (A) Coimmunoprecipi-
tation of wild-type SItF and three C-terminal mutants in the presence or ab-
sence of FlgJ. Anti-SItF gamma globulins were coupled to Protein A-Sepharose
beads and tested for binding with the proteins that are indicated. The SDS-
PAGE gel used for this analysis was 17.5%. Proteins were detected using His-
Probe-HRP at a 1:10,000 dilution (for details, see Materials and Methods). (B)
Yeast double-hybrid assays. Different versions of SItF and FlgJ] were cloned in
plasmids pGADT7 and pGBKT7. pGADT7-T and pGBKT7-Lam were used as
negative controls, and PGADT7-T and pGBKT7-p53 were used as positive
controls. Serial dilutions of cells were inoculated on culture dishes containing
media lacking leucine and tryptophan (—Leu —Trp), and lacking tryptophan,
leucine, and histidine. The plates were incubated for 14 days at 30°C.

that the mutant strain StFE57A, which was unable to complement
swimming, shows a reduced amount of FliC in the pellet and su-
pernatant compared to the wild-type or complemented strains.
Given that the phenotype of this point mutant is Fla™, it was
important to test the ability of SItFE57A to interact with FlgJ.
Figure 5C shows that the interaction of either the wild-type or the
mutant SItF (SItFE57A) with FlgJ is equivalent for the two SItF
proteins.

DISCUSSION

In this study we show that SItF from R. sphaeroides is exported to
the periplasm by the SecA pathway. In E. coli and Salmonella, the
majority of flagellar proteins are exported by the type III flagellar
specific export system (fT'3SS) (24). The exceptions are the P-ring
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FIG 5 Characterization of a point mutation of SItF. (A) Swimming assay on 0.25% soft agar plates supplemented with 100 uM sodium propionate. Portions (3
wl) of the strains WS8, SItF1, SItF1/sltF, SItF1/sItFE57 A were inoculated onto soft agar plates, followed by incubation as described in Materials and Methods. The
various versions of sltF were cloned in pRK415 (for details, see Materials and Methods). (B) Flagellin (FliC) secretion analyzed by Western blot analysis. The same
strains were grown and fractionated in either pellet (P) or supernatant (SN) and then probed with specific gamma globulins at a 1:10,000 dilution. (C)
Coimmunoprecipitation assay. Anti-SItF gamma globulins were coupled to protein A-Sepharose beads, followed by incubation with the indicated proteins.
These were detected using HisProbe-HRP at a 1:10,000 dilution as indicated in Materials and Methods.

scaffolding protein, FlgA, as well as FlgI and FlgH, which are pro-
teins that conform the P and L rings, respectively. These proteins
are also exported to the periplasm through the SecA pathway (17,
26). It should also be noted that in these bacteria, FlgJ contains the
rod-scaffolding domain at the N-terminal region and a murami-
dase domain at the C terminus; this arrangement allows its expor-
tation by the fT3SS. Analysis of the genome sequence of other
bacteria, such as Silicibacter pomeyori and Bradyrhizobium japoni-
cum, has shown that similar, to our observations in R. sphaeroides,
flg] encodes a single domain scaffolding protein (8, 25). In addi-
tion, in these species, a gene encoding a putative lytic muramidase
is located in a flagellar context (8). These putative muramidases
also show a predictable signal peptide, suggesting that they could
be exported to the periplasm using the SecA pathway. However,
not all of the genes encoding potential flagellar single domain
muramidases contain a coding sequence for a signal peptide, in-
dicating that they are exported either by the fI'3SS or through a
different export pathway. For example, it has been reported that
PleA, the flagellar muramidase of Caulobacter crescentus, is trans-
located by the ABC pathway (35).

The presence of specific muramidases is not restricted to the
flagellar system. These enzymes are also required for pilus forma-
tion and for many of the various secretion systems reported in
different bacteria (29). Recently, it was shown that EtgA, the spe-
cific muramidase of the type III secretion system of enteropatho-
genic E. coli is secreted to the periplasm via the Sec pathway (10).
It should be noted that EtgA interacts with EscI (rOrf8), which
constitutes part of the inner rod of the injectisome (7). In this
respect, muramidases or lytic transglycosylases usually interact
with other proteins that could exert a physical constrain to control
enzymatic activity, such as occurs with VirB1 in the type IV secre-
tion system, which interacts with VirB8, VirB9, and VirB11, core
components of this secretion system (15).

In a previous study, we reported that the purified mutant ver-
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sion of SItF (SItF E57A) did not show enzymatic activity when
tested in vitro (lisoplates) (8). On the other hand, we show here
that SItF E57A cannot complement the AsltF mutant strain. How-
ever, it was still possible to detect a low amount of flagellin in the
culture medium, indicating that this mutant protein still retains a
low level of activity. In addition, we also show that SItF E57A is still
able to interact with FlgJ, as wild-type SItF does, indicating that
this interaction is not affected by the change in the catalytic do-
main of SItF.

Likewise, we have previously shown that SItF interacts with
FlgJ in pulldown assays (8). In the present study, we specifically
tested whether the C-terminal region of SItF is involved in this
interaction. Using two different assays, we found that the deletion
of the C-terminal region of SItF improved SItF-FlgJ interaction.
Therefore, these results indicate that the C-terminal domain of
SItF exerts a negative effect on SItF-Flg] interaction. Nonetheless,
this same region favors SItF-SItF interaction. This apparent con-
tradiction could be explained if the C-terminal region of SItF in
R. sphaeroides prevents a strong interaction with FlgJ, thus making
this interaction transitory for a successful flagellar assembly to
take place. On the other hand, the lack of either one of the C-ter-
minal sections results in a defective export of flagellin; this sug-
gests that SItFA5 and SItFA6 do not support an efficient flagellar
assembly. Given that these versions of SItF have an intact mura-
midase domain, as shown in the activity assay, we propose that the
C-terminal region of SItF modulates the activity of this protein,
perhaps through its interaction with FlgJ.
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