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Abstract

Salmonella enterica serovar Typhimurium is an enteric pathogen and a principal cause of gastroenteritis in humans. The factor-for-
inversion stimulation protein (Fis) is known to play a pivotal role in the expression of Salmonella pathogenicity island (SPI)-1 genes in
addition to various cellular processes such as recombination, replication, and transcription. In order to understand Fis function in
pathogenicity of Salmonella, we performed two-dimensional gel electrophoresis and identified proteins whose expression pattern is
affected by Fis using mass spectrometry. The results revealed various proteins that can be grouped according to their respective cellular
functions. These groups include the genes involved in the metabolism of sugar, flagella synthesis, translation, and SPI expression. Changes

in SPI expression suggest the possibility that regulation of genes in SPI-2 as well as SPI-1 is affected by Fis.
© 2003 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Salmonella enterica serovar Typhimurium is a Gram-
negative bacterium that causes a self-limiting gastroenter-
itis in healthy humans while it leads to a typhoid-like dis-
ease in the mouse model [1]. Pathogenic Salmonella species
taken through contaminated food contact with Peyer’s
patches of the small intestine and invade the specialized
epithelial M cells of the follicle-associated epithelium of
Peyer’s patch tissue [2,3]. Bacterial entry into epithelial
cells is mediated by the expression of genes encoding struc-
tural components of type III secretion system (TTSS) that
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Abbreviations: fis, factor-for-inversion stimulation protein; SPI,
Salmonella pathogenicity island; 2-DE, two-dimensional gel electro-
phoresis; TTSS, type III secretion system; LB, Luria-Bertani medium;
EF-Tu, elongation factor Tu

exports effector proteins inducing actin rearrangement and
ruffling of the host membrane, which results in engulfment
of Salmonella [4]. Many genes related to invasion are clus-
tered within a 40-kb region at 63 min of the chromosome,
termed Salmonella pathogenicity island (SPI) 1 [5]. After
invasion, these bacteria can survive and replicate within
the Salmonella-containing vacuole in intestinal epithelial
cells at early stages of disease [3] or tissue macrophages
during systemic stages of disease [6]. Proteins encoded in
SPI-2, a 40-kb pathogenicity island located at 31 min of
the chromosome, are required for intracellular bacterial
proliferation in vivo [7]. SPI-2™ mutants inoculated by
the intraperitoneal route reach the liver and spleen but
do not multiply in these organs [8].

Fis is a histone-like DNA binding protein that was first
identified as a factor from Escherichia coli that stimulates
site-specific DNA inversion reactions mediated by S. typhi-
murium His [9] and by phage-derived Gin and Cin [10,11].
Fis was also shown to participate in other processes such
as stimulation of phage A excision [12], growth modulation
of phage Mu [13], replication at oriC [14] and RNA syn-
thesis [15]. It has been reported that Fis regulates the ex-
pression of HilA and InvF, two activators of SPI-1 [16]. A
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mutation in the S. typhimurium fis gene reduced the ex-
pression of hilA and invF and showed a severe virulence
defect in a mouse model when administered orally. It is
expected that more genes related to Salmonella pathogen-
esis are under Fis control considering the pleiotropic na-
ture of Fis function. In this study, we utilized proteomic
analysis to compare changes in gene expression patterns of
Salmonella caused by mutation in fis. We tried to identify
genes under Fis control involved in pathogenicity of Sal-
monella in order to understand the role of Fis in Salmo-
nella virulence.

2. Materials and methods
2.1. Strains and culture condition

S. typhimurium UK1 was used as a wild-type and the fis
mutant strain (SR1001) was constructed by P22 transduc-
tion using S. typhimurium RJ1827 provided by R.C. John-
son. To evaluate fis function on SPI expression in low-
oxygen growth condition, 0.1% inoculum was used to in-
oculate Luria—Bertani (LB) medium and cells were grown
non-agitated under mineral oil at 37°C to exponential (3 h
after inoculation) or stationary (12 h after inoculation)
phase.

2.2. Protein preparation and two-dimensional gel
electrophoresis (2-DE)

Cells of S. typhimurium UK1 and SR1001 were har-
vested and washed with low-salt buffer containing 3 mM
KCl, 1.5 mM KH,PO4, 68 mM NaCl, and 9.0 mM
NaH,PO4. The washed pellet was resuspended in solubili-
zation buffer (9 M urea, 2% B-mercaptoethanol, 2% pha-
malyte (pH 3-10), and 8 mM phenylmethylsulfonyl fluo-
ride) and sonicated with a Branson 250 sonifier [17]. To
degrade the bacterial DNA and RNA, the lysate was
mixed with 0.1 vol. of the solution containing 1 mg mil™!
DNase I, 0.25 mg ml~! RNase A, and 50 mM MgCl, and
incubated on ice for 30 min. Following ultracentrifugation
at 32000 X g for 20 min at 4°C to remove insoluble pro-
teins and large macromolecular complexes, the superna-
tant was precipitated with acetone containing 10% tri-
chloroacetic acid for 2 h at —20°C. The protein pellet
obtained after centrifugation was resuspended in solubili-
zation buffer and equal amounts of protein from S. zyphi-
murium UK1 and S. typhimurium SR1001 were separated
by isoelectric focusing in a pH gradient ranging from 4 to
7. In the second dimension, the proteins were separated
according to their molecular mass by sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis and visualized by
colloidal Coomassie blue staining. The same amount of
2D marker (Sigma) was mixed and applied together with
the sample proteins to normalize the intensity of the pro-
tein spots from different gels.

2.3. Protein visualization and image analysis

The quantitative data were obtained from multiple gel
runs and from PDQuest (Bio-Rad) analysis of the gel im-
ages. An estimate of the relative quantitative changes was
made based on the average changes in protein intensity
from three independent experiments and protein spots
showing more than two-fold differences in the intensity
between UK 1 and SR1001 were considered to be regulated
by Fis and digested with trypsin for mass spectrometry
analysis.

2.4. Identification of proteins by mass spectrometry

Protein spots showing different levels depending on
Fis were excised from stained gels and followed by in-gel
digestion according to Mann’s method [18]. Gel slices were
washed twice with water and acetone-water (1:1) solution.
To shrink gel pieces, acetonitrile was added and washed
with 0.1 M NH4HCOj;. After removal of all liquid by
Speedvac concentrator, gel pieces were reduced and alky-
lated with 10 mM dithiothreitol and 55 mM iodoacet-
amide respectively. The gel pieces were dried again and
the protein was digested by trypsin at 37°C overnight in
digestion buffer (50 mM NH4HCO3, 5 mM NacCl, 12.5 mg
ml~! trypsin). The volume of the supernatant contain-
ing the generated peptides was reduced by Speedvac
concentrator. Peptide mass fingerprinting was done with
Voyager-DETM STR Biospectrometry Workstation (Per-
Septive Biosystems, Framingham, MA, USA) and proteins
were identified by peptide mass fingerprinting with the
search programs MS-FIT (http://prospector.usuf.edu/
ucsfhtml4.0/msfit.htm) and MASCOT (http://www.
matrixscience.com) supplemented with the option for Sal-
monella in the NCBI database.

3. Results

3.1. Comparison of protein profiles between
S. typhimurium UKI and SR1001

Many of the proteins involved in virulence are expressed
at particular conditions resembling the host environment.
For example, the growth condition to induce %il4 expres-
sion is known to include low oxygen, high osmolarity,
high pH, and early exponential phase growth [19,20]. We
compared protein profiles between UK1 and its isogenic
fis mutant SR1001 grown in low-oxygen condition to ex-
ponential and stationary phases. Whole cell proteins from
wild-type and fis mutant strain were analyzed by 2-DE
(Fig. 1). Even though the expression level of Fis is highly
regulated depending on the growth stage [21], the overall
expression patterns of UK1 and SR1001 were similar be-
tween exponential and stationary phases of growth. These
are exemplified by the comparison of FljB, FliC, SipA,
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Fig. 1. 2-DE protein profiles of fis™ strain S. typhimurium UK (a) and fis~ strain S. typhimurium SR1001 (b). Cells were grown in low-oxygen condi-
tion in LB broth to stationary phase. Isoelectric focusing was performed with IPG strips ranging from pH 4 to pH 7 and second dimensional separation
was accomplished on 12% polyacrylamide gels. Proteins of which expression is upregulated more than two-fold by Fis are indicated with black arrows
and proteins of which expression is downregulated more than two-fold by Fis are marked with white arrows. Identification of proteins corresponding to

numbered arrows is shown in Table 1.

SseC, and SopE2 expression in wild-type and fis mutant
strains at exponential and stationary phase of growth, in
which we could not find much difference in their expres-
sion patterns (Fig. 2): proteins positively regulated by Fis
in stationary phase showed a similar positive regulation in
exponential phase.

In three separate experiments, the mean values of spot

Table 1

intensities were compared between UK1 and SR1001 and
we observed 11 spots showing higher levels in the wild-
type strain than in the fis mutant, suggesting those pro-
teins are probably upregulated by Fis (Fig. 1). Addition-
ally, seven spots with higher levels in S. typhimurium
SR1001 than S. typhimurium UK1 were detected, indicat-
ing the possibility that the synthesis of these proteins is

Identification of possible Fis-induced proteins and Fis-repressed proteins by MALDI-TOF

Group Spot  Protein Gene MW (kDa) p! Fold change®

Fis-induced proteins

Flagella 1 phase-2 flagellin fjB 52.54 4.75 306.0
2 phase-1 flagellin fic 51.34 4.76 2.2

SPI 3 SipA, SPI-1 effector protein sipA 74.18 6.20 2.1
4 SseC, SPI-2 translocon sseC 53.31 6.32 2.3
5 SopE2, SPI-1 effector protein sopE2 26.60 9.37 2.2

Translation 6 EF-Tu tufB 43.25 5.30 3.0

Sugar metabolism 7 lipoamide dehydrogenase IpdA 50.60 5.87 35
8 mannose 1-phosphate guanylyl transferase manC 54.03 6.40 2.1
9 mannose-specific enzyme 11 AB manX 34.99 5.82 29
10 putative sugar binding protein STY2817 31.10 5.37 168.9
11 2-deoxyribose-5-phosphate aldolase deoC 28.56 5.66 2.5

Fis-repressed proteins

Chaperone 12 DnaK dnaK 69.23 4.83 0.5

Catabolism 13 putative aldose 1-epimerase yeaD 32.83 5.71 0.43
14 putative carbamate kinase STM4466 33.35 5.45 0.47
15  propanediol utilization: polyhedral bodies pudB 24.10 5.43 0.36
16 adenylate kinase adk 23.53 5.53 0.48
17 class B acid phosphatase aphA 26.17 6.9 0.34
18 6-N-aminoglycoside acetyltransferase aacC4 19.17 4.50 0.47

Mass finger prints of numbered protein obtained by MALDI-TOF were analyzed with MS-Fit or MASCOT. Proteins were grouped depending on their
respective functions in the cells. MW and p/ mean theoretical values depicted in NCBI database.

4Ratio of protein spot intensity of fis mutant/wild-type.
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Fig. 2. Comparison of protein expression patterns in exponential phase (a) and stationary phase (b). To examine the effects of Fis amounts on gene reg-
ulation, total proteins were prepared from S. typhimurium UKI1 (fist) and S. typhimurium SR1001 (fis::kan), which were grown to exponential phase
and stationary phase. The possible Fis-induced or Fis-repressed proteins in stationary phase reproduced similar expression patterns in exponential phase.
For example, flagellin proteins (FIjB and FliC) and SPI-related proteins (SipA, SseC, and SopE2) are upregulated by Fis regardless of bacterial growth

phase. Spot numbers used in Fig. 1 and Table 1 are indicated in parentheses.

repressed by Fis. Fis exhibited similar regulatory effects in
three independent experiments. These Fis-regulated pro-
teins were cut out from the gels and analyzed by matrix-
assisted laser desorption/ionization-time of flight (MAL-
DI-TOF) mass spectrometry after in-gel digestion. Protein
identification was accomplished by MS-Fit and MASCOT
and the results are demonstrated in Table 1. The potential
Fis-induced proteins could be divided into several groups
depending on their cellular functions. Those groups in-
clude the proteins involved in translation, flagellar synthe-
sis, sugar metabolism, and the pathogenicity of Salmonel-
la. In the case of Fis-repressed proteins, they were proteins
mainly involved in catabolism.

3.2. Fis stimulates the expression of proteins involved in
translation

The spot corresponding to elongation factor Tu (EF-
Tu) showed higher expression levels in wild-type than in
fis mutant. EF-Tu, together with elongation factor Ts, is
required for the elongation step of translation following
translation initiation complex formation. The reduced lev-
el of EF-Tu in the fis mutant strain probably indicates that

Fis can affect the translation elongation step in addition to
transcription of the tRNA operon and the rRNA operon
reported in the case of E. coli [15,22].

3.3. Fis is involved in SPI expression

Positive regulation of SPI-1 genes by Fis was expected
considering the fact that hil4, a transcriptional regulator
of SPI-1, is upregulated by Fis [16]. 2-DE map comparison
led to the detection of several SPI-related proteins induced
in the presence of Fis. These included the SPI-1-related
effector proteins SipA and SopE2 and the SPI-2 translo-
con protein SseC. SipA, a protein secreted through the
needle complex encoded by the inv and spa genes of SPI-
1, interacts with skeletal actin filaments in the host cell,
leads to membrane ruffling and rearrangement, and enhan-
ces bacterial uptake [23]. SopE2, an effector protein se-
creted by SPI-1 TTSS, is encoded outside SPI and in-
volved in invasion by stimulating membrane ruffling via
guanidine nucleotide exchange on Rho GTPase CDC42
[24].

The level of SseC was reduced in the fis mutant strain
compared with wild-type. SseB, SseC, and SseD are as-
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sembled into complexes on the bacterial cell surface and
function as the translocon for the translocation of SPI2
effector proteins such as SspH1 and SspH2 into infected
host cells [25].

3.4. Fis regulates flagellar synthesis

S. typhimurium undergoes phase variation to alterna-
tively express two different types of flagellin subunit pro-
tein, FIjB or FliC, and the flagella phase variation involves
the inversion of approximately 1 kb of DNA containing
the promoters of the fIjB and hin genes encoding a recom-
binase [26,27]. Fis facilitates Hin-mediated DNA exchange
to generate a site-specific inversion. We found S. typhimu-
rium UK1 could produce flagellar protein FIjB or FliC
alternatively but S. zyphimurium SR1001 could produce
FliC only (Fig. 1), suggesting that Hin-mediated DNA
inversion was not possible in the fis mutant strain. In
addition to defective phase variation in the fis mutant,
the expression level of FliC was reduced in S. typhimurium
SR1001 (Fig. 2).

3.5. Fis modulates expression of various proteins involved in
metabolic processes

Proteins regulated by Fis in other cellular processes
were primarily enzymes and transport proteins involved
in the metabolism of sugars. Among them, we found
that the mannose-specific enzyme ITAB showed a higher
level in wild-type than in the fis mutant, indicating a role
of Fis in the phosphoenol pyruvate:carbohydrate phos-
photransferase system. Fis-repressed proteins were associ-
ated with diverse functions including catabolism of sugar
and amino acid and heat shock protein synthesis.

4. Discussion

Fis is an 11.2-kDa protein that binds to specific DNA
sites displaying a highly degenerate consensus sequence
[28]. Binding to its sites causes a conformational change
in DNA facilitating recombination. Mutational analysis
showed that the carboxy-terminus is required for binding
and bending of DNA and the amino-terminus is respon-
sible for stimulation of the DNA inversion reaction
[29,30]. The intracellular Fis concentration varies exten-
sively in response to nutritional conditions. In (early) ex-
ponential phase, the level of Fis protein reaches over
40000 dimers per cell but following maximal expression,
the amount rapidly decreases to very low levels entering
stationary phase [21]. In order to understand the role of
Fis in virulence gene expression of S. typhimurium, we
analyzed proteins that are differentially expressed in the
presence and absence of fis and detected 11 possible pro-
teins upregulated by Fis and seven proteins downregulated
by Fis. These proteins are involved in diverse cellular func-

tions such as translation, sugar metabolism, flagellar syn-
thesis, and virulence. Protein spots expressed differentially
depending on Fis in stationary phase also showed similar
expression patterns in exponential phase (Fig. 2). These
results suggest that Fis may affect gene expression in sta-
tionary phase even though Fis concentration is low in sta-
tionary phase.

We found that S. typhimurium cannot undergo phase
variation in the absence of Fis. In addition to this defect
in flagellin variation, the fis mutant appeared to produce a
lower amount of FIiC than the wild-type strain. Transcrip-
tion of fliC, the gene encoding phase 1 flagellin, is posi-
tively regulated by FliA. FliA is an alternative sigma fac-
tor required for the expression of operons encoding
flagellin, the chemotaxis machinery, and the flagellar mo-
tor [31]. It has been suggested that there exists an overlap
between the regulatory mechanisms that control flagellar
and invasion gene expression. Lucas et al. reported that
FliZ activates expression of hilA [32] and Eichelberg and
Galan [33] reported that FliA controls expression of genes
associated with TTSS in Salmonella serovar Typhi. Iyoda
et al. [34] showed that a mutation in f/iZ diminished not
only the expression of the flagellar operon, but also the
transcription level of hil4, reducing the amounts of ex-
creted SPI-1-encoded proteins. If the reduced FliC expres-
sion in the fis mutant was caused by the low fli4 expres-
sion, Fis may be the key factor linking motility and
virulence because fliZ is cotranscribed with fli4 in S. ente-
rica serovar Typhimurium [35]. The expression of three
SPI-related proteins is likely to be upregulated by Fis as
revealed by our proteome analysis of a fis mutant. Two of
them are components of SPI-1 TTSS and the involvement
of Fis in regulation of SPI-1 gene expression was reported
previously [16]. Additionally, we detected one SPI-2 TTSS-
related protein, SseC, that showed increased levels in the
presence of Fis, suggesting the possibility of an association
of Fis with SPI-2 expression. These results suggest that Fis
may affect expression of genes in SPI-2 as well as SPI-1.
Therefore, it is possible that Fis effects on virulence gene
expression in Salmonella are wider than previously re-
ported [16]. We are trying to elucidate more detailed func-
tion of Fis in regulation of expression of various genes
identified in this study.

5. Concluding remarks

In an attempt to elucidate the role of Fis in virulence
gene regulation in Salmonella we have studied proteome
changes caused by fis mutation. We could find several
virulence genes from both SPI-1 and -2 whose expres-
sions are affected by Fis in addition to genes involved in
various aspects of cellular physiology. Comprehensive pro-
tein profiles affected by Fis would help us to better under-
stand the potential role of Fis in pathogenicity of Salmo-
nella.



396 H. Yoon et al. | FEMS Microbiology Letters 226 (2003) 391-396

Acknowledgements

H.Y. is the recipient of a graduate fellowship provided
by the Ministry of Education through the Brain Korea 21
Project. This study was supported by a grant of the Korea
Health 21 R&D Project, Ministry of Health and Welfare,
Republic of Korea (01-PJ10-PG6-01GM02-0002).

References

[1] Jones, B.D. and Falkow, S. (1996) Salmonellosis: host immune re-
sponses and bacterial virulence determinants. Annu. Rev. Immunol.
14, 533-561.

Clark, M.A., Jepson, M.A., Simmous, N.L. and Hirst, B.H. (1994)

Preferential interaction of Salmonella typhimurium with mouse Pey-

er’s patch M cells. Res. Microbiol. 145, 543-552.

Jonse, B.D., Ghori, N. and Falkow, S. (1994) Salmonella typhimuri-

um initiates murine infection by penetrating and destroying the spe-

cialized epithelial M cells of the Peyer’s patches. J. Exp. Med. 180,

15-23.

[4] Finlay, B.B. and Falkaw, S. (1997) Common themes in microbial

pathogenicity revisited. Microbiol. Mol. Biol. Rev. 61, 136-169.

[5] Hansen-Wester, I. and Hensel, M. (2001) Salmonella pathogenicity

islands encoding type III secretion systems. Microbes Infect. 3, 549—

559.

Richter-Dahlfors, A., Buchan, A.M. and Finlay, B.B. (1997) Murine

salmonellosis studied by confocal microscopy: Salmonella typhimuri-

um resides intracellularly inside macrophages and exerts a cytotoxic

effect on phagocytes in vivo. J. Exp. Med. 186, 569-580.

Shea, J.E., Hensel, M., Gleeson, C. and Holden, D.W. (1996) Iden-

tification of a virulence locus encoding a second type III secretion

system in Salmonella typhimurium. Proc. Natl. Acad. Sci. USA 93,

2593-2597.

Shea, J.E., Beuzon, C.R., Gleeson, C., Mundy, R. and Holden, D.W.

(1999) Influence of the Salmonella typhimurium pathogenicity island 2

type III secretion system on bacterial growth in the mouse. Infect.

Immun. 67, 213-219.

Johnson, R.C., Bruist, M.F. and Simon, M.I. (1986) Host protein

requirements for in vitro site-specific DNA inversion. Cell 46, 531-

539.

[10] Koch, C. and Kahmann, R. (1986) Purification and properties of the
Escherichia coli host factor required for inversion of the G segment in
bacteriophage Mu. J. Biol. Chem. 261, 15673-15678.

[11] Haffter, P. and Bickle, T.A. (1987) Purification and DNA-binding

properties of FIS and Cin, two proteins required for the bacterio-

phage P1 site-specific recombination system, cin. J. Mol. Biol. 198,

579-587.

Ball, C.A. and Johnson, R.C. (1991) Efficient excision of phage lamb-

da from the Escherichia coli chromosome requires the Fis protein.

J. Bacteriol. 173, 4027-4031.

Betermier, M., Lefrere, V., Koch, C., Alazard, R. and Chandler, M.

(1989) The Escherichia coli protein, Fis: specific binding to the ends

of phage Mu DNA and modulation of phage growth. Mol. Micro-

biol. 3, 459-468.

Filutowicz, M., Ross, W., Wild, J. and Gourse, R.L. (1992) Involve-

ment of Fis protein in replication of the Escherichia coli chromosome.

J. Bacteriol. 174, 398-407.

[15] Ross, W., Thompson, J.F., Newlands, J.T. and Gourse, R.L. (1990)
E. coli Fis protein activates ribosomal RNA transcription in vitro
and in vivo. EMBO J. 9, 3733-3742.

[16] Wilson, R.L., Libby, S.J., Freet, A.M., Boddicker, J.D., Fahlen, T.F.
and Jones, B.D. (2001) Fis, a DNA nucleoid-associated protein, is

2

[3

[6

7

8

9

[12

[13

[14

involved in Salmonella typhimurium SPI-1 invasion gene expression.
Mol. Microbiol. 39, 79-88.

[17] Qi, S.Y., Moir, A. and O’Connor, C.D. (1996) Proteome of Salmo-
nella typhimurium SL1344: identification of novel abundant cell enve-
lope proteins and assignment to a two-dimensional reference map.
J. Bacteriol. 178, 5032-5038.

[18] Jensen, O.N., Wilm, M., Shevchenko, A. and Mann, M. (1999) Sam-
ple preparation methods for mass spectrometric peptide mapping
directly from 2-DE gels. Methods Mol. Biol. 112, 513-530.

[19] Lee, C.A. and Falkow, S. (1990) The ability of Salmonella to enter
mammalian cells is affected by bacterial growth state. Proc. Natl.
Acad. Sci. USA 87, 4304-4308.

[20] Schiemann, D.A. and Shope, S.R. (1991) Anaerobic growth of Sal-
monella typhimurium results in increased uptake by Henle 407 epithe-
lial and mouse peritoneal cells in vitro and repression of a major
outer membrane protein. Infect. Immun. 59, 437-440.

[21] Osuna, R., Lienau, D., Hughes, K.T. and Johnson, R.C. (1995) Se-
quence, regulation, and functions of fis in Salmonella typhimurium.
J. Bacteriol. 177, 2021-2032.

[22] Nilsson, L., Vanet, A., Vijgenboom, E. and Bosch, L. (1990) The role
of FIS in transactivation of stable RNA operons of E. coli. EMBO J.
9, 727-734.

[23] Zhou, D., Mooseker, M.S. and Galan, J.E. (1999) Role of the S.
typhimurium actin-binding protein SipA in bacterial internalization.
Science 283, 2092-2095.

[24] Bakshi, C.S., Singh, V.P., Wood, M.W., Jones, P.W., Wallis, T.S.
and Galyov, E.E. (2000) Identification of SopE2, a Salmonella se-
creted protein which is highly homologous to SopE and involved in
bacterial invasion of epithelial cells. J. Bacteriol. 182, 2341-2344.

[25] Nikolaus, T., Deiwick, J., Rappl, C., Freeman, J.A., Schroder, W.,
Miller, S.I. and Hensel, M. (2001) SseBCD proteins are secreted by
the type III secretion system of Salmonella pathogenicity island 2 and
function as a translocon. J. Bacteriol. 183, 6036-6045.

[26] Silverman, M., Zieg, J. and Simon, M. (1979) Flagellar-phase varia-
tion: isolation of the ril gene. J. Bacteriol. 137, 517-523.

[27] Zieg, J. and Simon, M. (1980) Analysis of the nucleotide sequence of
an invertible controlling element. Proc. Natl. Acad. Sci. USA 77,
4196-4200.

[28] Hubner, P. and Arber, W. (1989) Mutational analysis of a prokary-
otic recombinational enhancer element with two functions. EMBO
J. 8, 577-585.

[29] Koch, C., Ninnemann, O., Fuss, H. and Kahmann, R. (1991) The
N-terminal part of the E. coli DNA binding protein FIS is essential
for stimulating site-specific DNA inversion but is not required for
specific DNA binding. Nucleic Acids Res. 19, 5915-5922.

[30] Osuna, R., Finkel, S.E. and Johnson, R.C. (1991) Identification of
two functional regions in Fis: the N-terminus is required to promote
Hin-mediated DNA inversion but not lambda excision. EMBO J. 10,
1593-1603.

[31] Ohnishi, K., Kutsukake, K., Suzuki, H. and Tino, T. (1990) Gene fli4
encodes an alternative sigma factor specific for flagellar operons in
Salmonella typhimurium. Mol. Gen. Genet. 221, 139-147.

[32] Lucas, R.L., Lostroh, P., Dirusso, C.C., Spector, M.P., Wanner, B.L.
and Lee, C.A. (2000) Multiple factors independently regulate hil4
and invasion gene expression in Salmonella enterica serovar Typhi-
murium. J. Bacteriol. 182, 1872-1882.

[33] Eichelberg, K. and Galan, J.E. (2000) The flagellar sigma factor FliA
(sigma(28)) regulates the expression of Salmonella genes associated
with the centisome 63 type III secretion system. Infect. Immun. 68,
2735-2743.

[34] Iyoda, S., Kamidoi, T., Hirose, K., Kutsukake, K. and Watanabe, H.
(2001) A flagellar gene fliZ regulates the expression of invasion genes
and virulence phenotype in Salmonella enterica serovar Typhimuri-
um. Microb. Pathog. 30, 81-90.

[35] Ikebe, T., Iyoda, S. and Kutsukake, K. (1999) Structure and expres-
sion of the flid operon of Salmonella typhimurium. Microbiology 145,
1389-1396.



	Proteome analysis of Salmonella enterica serovar Typhimurium fis mutant
	Introduction
	Materials and methods
	Strains and culture condition
	Protein preparation and two-dimensional gel electrophoresis (2-DE)
	Protein visualization and image analysis
	Identification of proteins by mass spectrometry

	Results
	Comparison of protein profiles between S. typhimurium UK1 and SR1001
	Fis stimulates the expression of proteins involved in translation
	Fis is involved in SPI expression
	Fis regulates flagellar synthesis
	Fis modulates expression of various proteins involved in metabolic processes

	Discussion
	Concluding remarks
	Acknowledgements
	References


