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Fis is a nucleoid-associated protein in Escherichia coli that has been shown to regulate recombination,
replication, and transcription reactions. It is expressed in a transient manner under batch culturing conditions
such that high levels are present during early exponential phase and low levels are present during late
exponential phase and stationary phase. We have screened a random collection of transposon-induced lac
fusions for those which give decreased expression in the presence of Fis. Thirteen different Fis-repressed genes
were identified, including glnQ (glutamine high-affinity transport), mgld (methyl-galactoside transport), xylF’
(p-xylose-binding protein), sdhA (succinate dehydrogenase flavoprotein subunit), and a newly identified alde-
hyde dehydrogenase, aldB. The LacZ expression patterns revealed that many of the fusions were maximally
expressed at different stages of growth, including early log phase, mid- to late log phase, and stationary phase.
The expression of some of the late-exponential- and stationary-phase genes was dependent on the RpoS sigma
factor, whereas that of others was affected negatively by RpoS. We conclude that Fis negatively regulates a
diverse set of genes and that RpoS can function to both activate and inhibit the expression of specific genes.

Fis is a small DNA-binding protein that was originally iden-
tified because of its prominent role in site-specific DNA inver-
sion reactions (18, 19). It has a relaxed target specificity and
has been shown to bind to many different sites throughout the
Escherichia coli chromosome (8). DNA binding is mediated by
helix-turn-helix motifs located in the carboxy termini of the Fis
dimer and results in a high degree of bending of the DNA (22,
50). A region in the amino terminus is required to stimulate
Hin- and Gin-mediated DNA inversion and may play a role in
transcriptional activation but does not influence \ excision (12,
20, 35).

The expression of Fis is growth phase dependent (4, 31, 32,
46). Its intracellular levels increase rapidly in a transient man-
ner in response to nutritional upshift. The number of Fis
dimers per cell increases about 500-fold within the first cell
division when a stationary-phase culture is inoculated into a
rich medium, reaching a peak level of 40,000 to 50,000 dimers
per cell. Under standard batch culturing conditions, Fis expres-
sion is largely turned off in mid-exponential phase and the
intracellular levels of Fis decline rapidly as a function of each
cell division. Fis levels in cells maintained in stationary phase
are extremely low.

In addition to functioning in site-specific recombination re-
actions, Fis has been shown to enhance transcription of rRNA
and certain tRNA operons (29, 30, 38, 41) and to stimulate
DNA replication from oriC (7, 11). The activation of the rRNA
and tRNA operons by Fis is associated with the binding of the
protein to specific DNA sequences upstream of the promoters
(31, 38). Fis has also been shown to negatively regulate its own
expression by binding to multiple sites within the fis promoter
region (4, 32). In addition, levels of certain tRNAs are elevated
in fis mutant cells (29). A broad role for Fis in gene regulation
is indicated by a comparison of the protein profiles of fis
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mutant cells and fis™ cells resolved by a two-dimensional gel
electrophoresis (36). More than 20 spots disappeared from the
protein profile of fis mutant cells, and a similar number of new
spots appeared. These results suggest that many Fis-regulated
genes remain to be identified, especially those repressed by Fis.

To identify genes whose expression is modulated by Fis,
transposon-generated LacZ protein and operon fusions were
screened for differential expression as a function of Fis levels.
In this study, we characterize 14 lacZ fusions whose expression
is increased in the absence of Fis. Most of these genes display
variable expression patterns with respect to growth phase, sug-
gesting that they function under specific physiological condi-
tions. A significant number of the fusions repressed by Fis were
found to be regulated positively or negatively by RpoS, a sigma
factor required for the expression of many stationary-phase
genes. As opposed to those of Fis, levels of RpoS increase in
late exponential phase and stationary phase (10, 45).

MATERIALS AND METHODS

Bacterial strains, plasmids, phages, and media. The bacterial strains, plas-
mids, and phages used in this study are described in Table 1. The fis-985 mutation
contains the str/spc cassette substituted in place of the central half of the fis gene
(4), and katF13::Tnl0 from UMI122 is a Tnl0 insertion in rpoS (27). Luria
Bertani (LB) broth and LB agar plates were used as rich media, and M9 media
were used as defined media throughout the study (25). Antibiotics were used at
the following concentrations in plates and in broth: ampicillin, 100 pg/ml; chlor-
amphenicol, 20 pg/ml; kanamycin, 20 pg/ml; spectinomycin, 50 pg/ml; and tet-
racycline, 10 pg/ml. 5-Bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal)
was used at a concentration of 40 pwg/ml.

General molecular and genetic techniques. Standard recombinant DNA meth-
odologies were as described (40). Bacterial conjugation and Plvir-mediated
transduction were performed according to the protocols described by Miller (25).
The presence of the katF13::Tnl0 mutation in tetracycline-resistant transduc-
tants was confirmed by testing for decreased catalase activity by H,O, bubbling
(27).

Generation of lacZ fusions. LacZ operon and protein fusions to chromosomal
genes were isolated by infecting E. coli K-12 strain RJ4000 fis-985 (pRJ4000,
pRJ823) with phage NTnphoA'-1 or NTnphoA'-4 to generate lacZ operon and
protein fusions, respectively (47). pRJ4000 contains fis under lacP control on a
pBR322-derived plasmid, and its expression is repressed by the lacI? gene prod-
uct carried by the pACYC184 derivative pRJ823. In the absence of IPTG (iso-
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TABLE 1. Bacterial strains, plasmids, and phages

Strain, plasmid, Relevant Source or
or phage characteristics” reference
Strains
BW5104 Mu-1 lac-169 creB510 hsdR514 B. Wanner (47)
BW14879 pMW11/Mu cts62 DE3 AlacX74 B. Wanner (47)
A(phoA532 Pvull) phn (EcoB)
arcA1655 fnr-1655
CAG4000 MG1655 AlacX74 C. Gross
RJ1801 CAG4000 fis-985 This lab (4)
RJ4000 RJ1801 pRJ823 pRJ4000 This study
RJ4001 RJ4000 frg-15::TnphoA'-4 This study
RJ4002 RJ4000 xylF-103::TnphoA’-4 This study
RJ4003 RJ4000 sdhA-133::TnphoA’'-4 This study
RJ4004 RJ4000 frg-502::TnphoA'-1 This study
RJ4005 RJ4000 frg-509::TnphoA'-1 This study
RJ4006 RJ4000 frg-541::TnphoA'-4 This study
RJ4007 RJ4000 mglA-543::TnphoA'-4 This study
RJ4008 RJ4000 frg-566::TnphoA’'-4 This study
RJ4009 RJ4000 frg-567::TnphoA'-4 This study
RJ4010 RJ4000 frg-725::TnphoA'-4 This study
RJ4011 RJ4000 aldB-731::TnphoA'-4 This study
RJ4012 RJ4000 ginQ-732::TnphoA'-4 This study
RJ4013 RJ4000 frg-733::TnphoA’-4 This study
RJ4014 RJ4000 frg-734::TnphoA'-4 This study
RJ4116 CAG4000 xylF-103::TnphoA’'-3 This study
RJ4120 CAG4000 frg-566::TnphoA’'-3 This study
RJ4122 CAGH4000 frg-725::TnphoA’-3 This study
UM122 HfrH thi-1 katF13::Tnl0 27
Plasmids
pRJ823 lacI? Tc' p15A This lab
pRJ4000 lacP-fis Ap" ColE1l This lab (49)
pMW11 Mini-Mu cloning vector, Sm"/Sp” B. Wanner (47)
Phages
N:TnphoA’'-1  Generating lacZ operon fusion, B. Wanner (47)
Tnp* Km"
N::TnphoA'-3  lacZ operon fusion, Tnp~ Km"® B. Wanner (47)
N:TnphoA'-4  Generating LacZ protein fusion, B. Wanner (47)
Tnp* Km"
N:TnphoA'-7  For fusion switch, Tnp~ Cm" B. Wanner (47)

“ Ap", ampicillin resistant; Tc", tetracycline resistant; Sm", streptomycin resis-
tant; Km', kanamycin resistant; Sp*, spectinomycin resistant.

propyl-B-D-thiogalactopyranoside), Fis was undetectable by Western blotting
(immunoblotting) with Fis antibody; in the presence of 1 mM IPTG, Fis levels
were slightly less than that expressed from the chromosomally encoded fis gene
during early-log-phase growth (49). The phage-infected cells were plated on LB
agar plates containing kanamycin, tetracycline, ampicillin, and X-Gal in the
presence or absence of IPTG. Blue colonies were replica plated or streaked onto
the same kind of plates with or without IPTG. Colonies which displayed differ-
ences in the darkness of the blue color between the two types of plates were
selected for a second screening in liquid media. Overnight cultures of candidates
were diluted 1/100 and grown with and without IPTG in LB for 5 h, and
B-galactosidase assays were performed. In this paper we focus on fusions whose
expression was elevated greater than twofold in the absence of IPTG, implying
that Fis is negatively regulating their expression. Approximately 300 candidates
of about 15,000 Lac* fusions were assayed in liquid culture, and 14 of these are
characterized in this study. The analysis of genes whose expression was decreased
in the absence of IPTG, suggesting that Fis activates their expression, will be
described in a subsequent communication.

Recombinational switching from protein fusions to operon fusions was done
by a two-step protocol as previously described (47). The protein fusions were first
converted into a kanamycin-sensitive (Km®), chloramphenicol-resistant (Cm"),
Lac™ intermediate with TnphoA'-7, a Cm" Tnp~ element that has only the left
and right ends in common with other TnphoA’ elements. The resulting recom-
binants were then converted into a TnphoA'-lacZ operon fusion by phage infec-
tion with TnphoA’-3 (Km" Tnp ™).

Genetic mapping of the TnphoA4’' mutations. Genetic mapping of the LacZ
fusions on the E. coli chromosome was performed by a two-step procedure as
described by Singer et al. (43). The approximate locations of the TnphoA’
mutations were determined with an Hfr mapping set (43). This was followed by
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P1 transduction analysis with P1 lysates generated from a series of mapping
strains containing Tn/0 in the appropriate regions (43). Cotransduction frequen-
cies between the Tn/0 and the wild-type alleles of the transposon-generated lacZ
fusions were determined by scoring the frequency of LacZ™ colonies from the
total number of transductants.

DNA sequencing and analysis. To sequence the various lacZ fusion junctions,
the fusions were first cloned by the mini-Mu in vivo cloning method with the
cloning vector and strains kindly provided by B. Wanner (13, 47). lacZ fusions
were transduced into BW14879, and mini-Mu phage lysates were prepared and
used to infect BW5104. Plasmid DNAs were isolated from spectinomycin-resis-
tant (Sp*), Km", and X-Gal™ colonies and sequenced with a phoA-specific primer
(5'-AATATCGCCCTGAGCA-3') (47). DNA sequences were determined by
the dideoxy method with Sequenase (Amersham) as recommended by the sup-
plier. The sequences of most of the fusion junctions were determined from at
least two independent clones. DNA sequences were analyzed for homology with
the sequences in the database by using Blastmail (2).

B-Galactosidase activity assays. Stationary-phase cultures (grown for 14 h)
were subcultured 1/100 into fresh LB broth with appropriate antibiotics and
grown with shaking at 37°C. Samples were taken at the times specified in the
individual experiments, and B-galactosidase activities were assayed in duplicate
or triplicate as described by Miller (25). The data presented in the tables are the
means and standard deviations from at least three separate experiments, and the
data in the figures are representative results from at least two experiments.

RESULTS

Isolation of mutants expressing reduced LacZ levels as a
function of Fis. Transposons TnphoA’-1 and TnphoA'-4 were
used to obtain chromosomal lacZ operon and protein fusions,
respectively, as described in Materials and Methods. Fusions
whose expression was modulated by Fis were initially identified
in strain RJ4000, which contains fis under the control of the
lacUV5 promoter. A total of 14 fusions with decreased LacZ
levels in the presence of IPTG (Fis™*) were isolated. Unless the
genes had been previously identified (see below), the loci iden-
tified by the fusions were designated frg (stands for Fis-regu-
lated genes). fig-502 and fig-509 were operon fusions, and all
others were protein fusions. As shown in Table 2, LacZ levels
of each of these fusions in the absence of IPTG (Fis™) were 2-
to 13-fold greater than in the presence of IPTG (Fis*) when
measured at a time in the growth cycle when the effect of
altering Fis expression was maximal. Thus, we presume that
these fusions identify genes that are directly or indirectly re-
pressed by Fis.

Chromosomal location of the lacZ fusions. The lacZ fusions
were mapped on the E. coli chromosome by Hfr crosses; this
step was followed by P1 transduction with the ordered trans-
poson set of Singer et al. (43). The estimated locations based
on the linkage data are given in Table 3. In some cases, such as
frg-566, aldB-731, and frg-734, the transduction linkage to the
closest Tnl0 was quite low, and for xy/F-103, no cotransduction
with transposons within the Hfr interval (65 to 82 min) was
obtained. The location of xylF-103 was determined, however,
to be at 80 min from the DNA sequence information as de-
scribed below. The location of aldB-731, which gave the lowest
cotransduction frequency to its nearest marker, was confirmed
by hybridization to the Kohara E. coli library (data not shown).
Three fusions whose loci have been identified by DNA se-
quences (sdhA-133, mglA-543, and ginQ-732; see below) were
located at the expected positions of 16, 45, and 18 min, respec-
tively (3).

Identification of lacZ fusion junctions by DNA sequencing.
To identify the genes containing the transposon insertions, the
fusion junctions were cloned into plasmids by the in vivo
mini-Mu procedure and sequenced. Four fusions were found
to be located in known genes encoding subunits of glutamine
permease (glnQ-732) (33), B-methyl-galactoside transporter
(mglA-543) (16), succinate dehydrogenase (sdhA-133) (48),
and a D-xylose-binding protein (xy/F-103) (44). The exact lo-
cations of the fusion junctions of these four genes are given in
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TABLE 2. Effects of Fis on the expression of the frg-lacZ fusions

B-Galactosidase activity

Strain lacZ fusion® ODy?
+IPTG (Fis*)° ~IPTG (Fis~)° Fis~/Fis "
RJ4001 frg-15 (P) 1.5-1.8 22 +1 138 £5 6.3
RJ4002 xylF-103 (P) 3.2-35 107 = 10 431 = 33 4.0
RJ4003 sdhA-133 (P) 1.8-2.0 545 + 37 1,127 =79 2.1
RJ4004 frg-502 (0O) 3.2-3.6 21+3 118 = 18 5.6
RJ4005 frg-509 (O) 1.4-19 20 =1 15538 7.8
RJ4006 frg-541 (P) 3.1-34 578 = 69 1,161 = 41 2.0
RJ4007 mglA-543 (P) 3.1-3.5 34+2 85*2 2.5
RJ4008 fig-566 (P) 1.2-1.9 16 =1 206 += 12 12.9
RJ4009 frg-567 (P) 1.4-1.8 26 +2 224 + 13 8.6
RJ4010 fig-725 (P) 0.8-0.9 1154 250 = 6 2.2
RJ4011 aldB-731 (P) 3.3-3.6 134 £ 15 654 = 27 4.9
RJ4012 ginQ-732 (P) 1.2-2.0 13+1 41 =7 3.2
RJ4013 fig-733 (P) 0.7-1.0 45 + 1 1203 2.7
RJ4014 frg-734 (P) 3.2-35 162 = 14 476 = 26 2.9

“ O, lacZ operon fusion; P, LacZ protein fusion.

b Range of cell densities at the time of the assay for both induced and uninduced cells. ODj, optical density at 600 nm.
¢ fis is under control of the lac promoter. In the presence of IPTG, fis is induced. Means = standard deviations are given.

4 Difference in B-galactosidase levels between —IPTG and +IPTG samples.

Table 4. The frg-566 insertion was found to be located 114 bp
upstream of the frg-567 transposon insertion in the same un-
known gene. A match to the frg-731 fusion junction was found
in the latest E. coli sequence release (GenBank accession num-
ber ECOUMY76 [44]) in the GenBank database from nucle-
otide 169858 to 169964. The DNA and amino acid sequences
of the fig-731 fusion junction showed very high homology to
those of the acoD gene of Alcaligenes eutrophus (Fig. 1). acoD
encodes an NAD-dependent acetaldehyde dehydrogenase
(AcDH-II) which is induced during growth on ethanol or ace-
toin (37). This enzyme is believed to be responsible for the
oxidation of acetaldehyde to acetate in the catabolic pathways
for both ethanol and acetoin. The deduced amino acid se-
quence from acoD shows high degrees of homology with a
group of aldehyde dehydrogenases from prokaryotes to eu-
karyotes. The partial DNA and amino acid sequences of the

TABLE 3. Chromosomal locations of lacZ fusions

lacZ Location of selected Cotransduction Location of lacZ

fusion marker (min)* frequency” fusion (min)°
frg-15 zjh-920 (96.75) 0.11 97-98
xylF-103 80
sdhA-133 nadA57 (16.75) 0.77 16
frg-502 metC162 (65) 0.74 65
frg-509 zjh-920 (96.75) 0.11 97-98
frg-541 zde-235 (32.00) 0.14 31-33
mglA-543 zeg-722 (46.5) 0.02 45-47
frg-566 zjh-920 (96.75) 0.08 97-98
frg-725 zbf-3057 (16.25) 0.93 16
aldB-731 zic-4901 (81.75) 0.01 80-83
glnQ-732 zbh-29 (18.75) 0.41 18
frg-733 zfb-1 (51) 0.27 50
frg-734 zee-3129 (44.25) 0.05 43-45

“ Only the Tn/0 marker giving the highest cotransduction efficiency with the
lacZ fusions is shown.

® Phage P1 grown on the Tnl0 marker strain was used to transduce the lacZ
fusion strain. Values are the fraction of Tc" Km® X-Gal ™ transductants from the
total number of Tc" transductants.

¢ The locations of the lacZ fusions are approximate, especially those based on
low cotransduction frequencies with the selective markers. For sdhA and glnQ,
the published locations (3), which are consistent with our data, are given. The
location of xylF-103 is based on DNA sequence analysis as described in the text.
Hfr mapping placed xy/F-103 between min 65 and 82.

aldB-731 gene also show significant homology to a previously
identified E. coli aldehyde dehydrogenase gene, aldH, which is
located at min 29.3 on the E. coli chromosome (14, 39). Thus,
we believe that frg-731 identifies an aldehyde dehydrogenase
gene in E. coli and designate it aldB. DNA sequences of other
lacZ fusion junctions showed no significant homology to se-
quences currently in the databases (data not shown).

Expression of the Fis-regulated genes. The fusions were
initially identified in strains where Fis expression is controlled
by the lac promoter. Because wild-type fis expression varies
tremendously with growth conditions, exhibiting maximal lev-
els in early to mid-exponential phase, the true physiological
effects of Fis on expression of the fusions required assaying in
a wild-type fis background. The frg-lacZ fusions were trans-
ferred into CAG4000 (fis™) as well as its isogenic fis deletion
mutant, RJ1801, by P1 transduction. The transductants were
grown in LB broth, and B-galactosidase activities were assayed
over time. Of the 14 fusions, 10 expressed their highest levels
of B-galactosidase at different stages of exponential growth,
while the remaining 4 were induced as cells entered stationary
phase (for a summary, see Table 6). In some cases the growth
phase regulation is most prominent in fis mutant cells. Repre-
sentative results are shown in Fig. 2 and are described below.
The effects of the chromosomally encoded Fis on the expres-
sion of all of the fusions were qualitatively similar to those
observed with lacP-controlled fis for most of the fusions,
though fusions expressed maximally in stationary phase were
more affected by lacP-fis.

TABLE 4. Positions of lacZ fusion junctions in known genes

lacZ Position of fusion junction®

fusi Reference

usion Gene Nucleotide Amino acid
sdhA-133 sdhA 1921 35 48
mglA-543 mglA 2460 347 16
ginQ-732 gnQ 1734 65 33
xylF-103 xylF 145427 16 44

“ The locations of the lacZ fusion junctions within sequences of known genes.
The nucleotide numbering is based on the sequence given in the reference, and
the amino acid position in the coding region of the designated gene at the fusion
boundary is given.
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AldH 264 VWLEAGGKSANIVFADCPDLQOQAASATAAGIF----YNQ 298
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AldB VTLELGGKSPNIFFADVMDEEDAFFDKALEGFALFAFNQ
PLEEETELIELEND PECEEEEELre o

AcoD 259 VTLELGGKSPNIFFEDVLAADDAFFDKALEGFAMFALNQ 297

FIG. 1. Amino acid sequence alignment of the fusion junction of AldB-731
and segments of two aldehyde dehydrogenases, AcoD (A. eutrophus), and AldH
(E. coli). Vertical lines denote identity with AldB. A gap is introduced to improve
the alignment with AldH. The sequence given for AldB-731 extends from the
boundary of the fusion site. The 39-amino-acid sequence of AldB shows 82%
identity with that of AcoD and 46% identity with that of AldH.

(i) Log-phase genes negatively regulated by Fis. Fusions
represented by frg-733 and fig-725 exhibited maximal expres-
sion levels in either fis™ or fis mutant cells during early expo-
nential growth, reaching their peak levels 1 to 2 h after sub-
culturing (Fig. 2A and B). In the absence of Fis, three- to
fourfold-higher peak levels of LacZ expression were obtained
and higher levels persisted into stationary phase. In the pres-
ence of Fis, expression levels of these protein fusions were
relatively low and decreased in mid-exponential-growth phase.
These fusions may identify genes which encode products that
could be most useful under poor growth conditions when Fis
levels are low. Consistent with this, the fig-733 insertion mu-
tant displays extremely long lags when subcultured into defined
media with a poor carbon source such as glycerol or acetate
(data not shown). Neither the frg-733 nor the fig-725 insertion
mutant display any altered growth properties in LB or M9-
glucose medium.

A number of the fusions displayed low expression levels at
early exponential growth, but the levels increased during mid-
to late exponential growth in the presence or absence of Fis.
LacZ levels in frg-566 (Fig. 2C), sdhA-133 (Fig. 2D), frg-567,
mglA-543, ginQ-732, frg-15, and frg-509 (data not shown) were
lowest approximately 1 h after subculturing but then increased,
particularly in the fis mutant cells, where a 3- to 10-fold in-
crease in levels was obtained in mid- to late exponential phase.
LacZ levels then slowly decreased in the fis mutant cells but
remained relatively constant in fis* cells. fig-566, frg-567, frg-
15, and fig-509 show a particularly striking repression by Fis
with about five to seven times more LacZ activity present in fis
mutant versus fis™ cells at peak expression times. In addition,
these four fusions displayed very similar expression patterns,
exhibiting very low LacZ activities in both rich medium (Fig.
2C) and M9-glycerol medium (data not shown) in fis™* cells. As
noted above, sequence analysis indicated that frg-566 and frg-
567 represent different insertions in the same gene and that
frg-509 and frg-15 map to the same region in the chromosome
as frg-566/567. Thus, it is possible that these four fusions all
represent insertions into the same gene or operon, although
the restriction patterns of the mini-Mu clones for frg-509 and
frg-566/567 are completely different (data not shown).

Expression of xyl/F-103 increased during late exponential
growth in fis™ cells and then decreased slightly (Fig. 2E). How-
ever, in fis mutant cells its expression continued to increase
sharply well into stationary phase, reaching over seven times
the level present in fis™ cells.

(ii) Stationary-phase genes negatively regulated by Fis. frg-
734 (Fig. 2F), frg-502 (Fig. 2G), frg-541 (Fig. 2H), and aldB-731
(data not shown) represent fusions to genes which are turned
on as cells enter stationary phase. LacZ levels of these fusions
increased from 7-fold (frg-502) to over 25-fold (frg-541 and
frg-734) in stationary phase. In fis mutant cells, about twofold-
higher levels were obtained, with the difference being maximal
after 8 h of growth. For the fusions in this category, the effects
of chromosomally encoded Fis were usually less than those
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observed with Fis expressed from the lac promoter, where
much higher levels of Fis are present in stationary phase (Ta-
ble 2 and Fig. 2).

Regulation of the lacZ fusions by Fis occurs at the RNA
level. While most of the Fis-regulated genes were isolated as
protein fusions, frg-502 (a stationary-phase gene) and firg-509
(maximally expressed in late exponential phase in fis cells)
were operon fusions generated with TnphoA'-1, suggesting
that the reduced expression by Fis was mediated at the RNA
level. To further substantiate this, three of the protein fusions
were switched to lacZ operon fusions with TnphoA’-3 as de-
scribed in Materials and Methods. These included frg-725 (an
early-exponential-phase gene) (Fig. 3A), frg-566 (a mid- to
late-exponential-phase gene) (Fig. 3B), and xylF-103 (a late-
exponential-phase gene) (Fig. 3C). These three resulting
operon fusions showed expression patterns similar to those of
their corresponding protein fusions, although the frg-725 and
xylF-103 operon fusions exhibited higher levels of LacZ activ-
ities in both fis* and fis mutant backgrounds. Moreover, they
displayed a similar pattern of control by Fis, though the mag-
nitude of the difference was somewhat reduced, particularly for
xylF-103.

Effects of RpoS on the expression of the Fis-regulated lacZ
fusions. RpoS (or KatF) has been reported to be a sigma factor
(23, 26, 45) essential for the expression of many genes ex-
pressed in stationary phase (for reviews, see references 15 and
21). Since many of the frg genes are maximally expressed in
stationary phase, we tested whether any were also regulated by
RpoS. An rpoS mutation (katF13::Tnl0) was introduced into
the fis* fusion strains by P1 transduction, and B-galactosidase
activities of the mutants were assayed and compared with those
of their isogenic rpoS™ parent strains. Among the stationary-
phase genes, the expression of fusions fig-502, aldB-731, and
frg-734 was found to be RpoS dependent. In the presence of
the rpoS mutations, B-galactosidase activities of these fusions
were reduced from 6- to over 30-fold (Tables 5 and 6). Expres-
sion of frg-541, which also is maximally expressed in stationary
phase, was elevated 1.5-fold in the presence of the rpoS muta-
tion, suggesting that RpoS may have a slight negative effect on
its expression.

While the effects of RpoS on expression of stationary-phase
genes are well documented, any effects on the expression of
log-phase genes have not been established. As expected, none
of the frg fusions which are maximally expressed in log phase
were activated by RpoS. However, the levels of expression of
xylF-103, sdhA-133, and mglA-543 were found to be elevated
2.6- to 7.7-fold by the rpoS mutation (Tables 5 and 6). Figure
4A and B shows the difference in expression of xy/F-103 and
sdhA-133, respectively, as a function of RpoS during the
growth cycle. In the rpoS™ background the expression of both
fusions peaked at approximately 4 h after subculturing and
decreased or remained constant over the next 3 h. In the rpoS
mutant, the LacZ activities of both fusions continued to in-
crease such that after 7 h of growth, LacZ levels were three to
six times greater than those of their rpoS™ parents. This dif-
ference was maintained through approximately 14 h of growth
(the zero time point in Fig. 4). Thus, RpoS is reducing the
expression of these genes during late log and stationary phase.
Inhibition of xylF-103 expression by RpoS is at the RNA level,
since LacZ levels in the xylF-103 operon fusion are also ele-
vated in the rpoS mutant (Fig. 4C).

Combinatorial effect of fis and rpoS on expression of xylF-
103. The relationship between Fis and RpoS in reducing ex-
pression of the xylF-103 protein fusion was examined by com-
paring LacZ levels in an rpoS mutant (RJ4107) and in the rpoS
fis double mutant strain (RJ4128). LacZ levels in the RpoS-
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FIG. 2. Effects of Fis on the temporal expression patterns of the fig-lacZ fusions. LB overnight (14-h) cultures of the fis* strain CAG4000 (triangles) and its isogenic
fis mutant RJ1801 (circles) containing the fusions were diluted (1/100) into fresh LB medium and incubated at 37°C with agitation. Samples were removed at 1-h
intervals, and cell densities (open symbols) and B-galactosidase activities (closed symbols) were measured. OD, optical density.
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FIG. 3. Effects of Fis on the temporal expression of selected fig-lacZ operon fusions. Culture growth and assays were performed as described in the legend to Fig.
2 on the fig-725 (A), frg-566 (B), and xylF-103 (C) TnphoA'-3 lacZ operon fusions in the fis* strain CAG4000 (triangles) and its isogenic fis mutant RJ1801 (circles).
Samples were removed at 1-h intervals, and cell densities (open symbols) and B-galactosidase activities (closed symbols) were measured. OD, optical density.

deficient strains increased about twofold when Fis was also
absent (Fig. 5), suggesting that Fis and RpoS function at least
partially independently to inhibit xylF-103 expression.

DISCUSSION

Fis was originally identified because of its essential role in
the Hin- and Gin-mediated site-specific inversion reactions
(18, 19). These reactions largely depend on Fis, since in vivo
and in vitro inversion rates are reduced over 1000-fold in its
absence. More recently, Fis has been shown to modulate gene
expression. In this capacity, it was initially identified as a pos-
itive activator of a number of operons encoding products in-
volved in translation, such as rRNAs, tRNAs, and EF-Tu (29,
30, 38, 41). These operons are expressed at very high levels and
are regulated coordinately with the growth rate. Fis is believed
to contribute to their high-level expression, particularly under
conditions of rapid growth when Fis levels in the cell are high.

Other than the fis operon itself, only the expression of cer-
tain tRNA genes in E. coli have been reported to be elevated
in the absence of Fis (4, 29, 32). We have identified 13 different
loci whose expression is enhanced in fis mutant cells, thus
implying that Fis directly or indirectly negatively regulates
their expression. Because transposons were used to generate
these fusions, only genes whose products are not essential for
standard laboratory growth are included in this collection. The
genes show a remarkable diversity in both their levels and
temporal expression patterns as measured by (-galactosidase
activities programmed by the protein or operon fusions. Three
of the identified genes encode products that are required for
growth under nutrient-poor conditions, in which Fis levels are

expected to be low. These include proteins involved in the
transport of D-xylose (XylIF), glutamine (GInQ), and methyl-
galactosides (MglA). Together with the flavoprotein subunit of
succinate dehydrogenase (SdhA), each of these proteins is

TABLE 5. Effects of 7poS on the expression of
Fis-regulated lacZ fusions

B-Galactosidase activity®

lacZ fusion® ODy”

poS™ poS Ratio
frg-502 (O) 3.3-3.8 736 12+2 +6.1
aldB-731 (P) 3.1-3.9 453 =7 16 = 1 +28.3
frg-734 (P) 3.2-3.8 463 = 14 13+1 +35.6
xylF-103 (P) 3.2-3.9 675 523 =21 -7.8
sdhA-133 (P) 2.8-2.9 466 = 10 1,317 + 123 —-2.8
frg-541 (P) 3.0-3.8 555 =26 836 = 27 -1.5
mglA-543 (P) 3.1-3.6 44 +3 154 =6 -35
ginQ-732 (P) 3.1-3.6 232 69 =4 2.7
frg-566 (P) 3.1-3.8 21 +2 23 +2 NE
frg-733 (P) 2.4-3.5 48 =1 42 1 NE

“ O, lacZ operon fusion; P, LacZ protein fusion.

® Ranges of cell densities for both 7poS* and rpoS cultures at the time of the
assay are given. ODg, optical density at 600 nm.

¢ An rpoS§ (katF13::Tnl0) mutation was introduced into the lacZ fusion deriv-
atives of CAG4000 (fis*) by P1 transduction. Overnight cultures were diluted
1/100 into LB medium and incubated at 37°C for 7 h. The effects of the rpoS
mutation on the expression of the fusions were determined by LacZ activity assay. A
positive ratio (rpoS™*/ipoS) indicates the gene is positively regulated by RpoS; a
negative ratio (rpoS/rpoS™) indicates the gene is negatively regulated by RpoS. NE,
no effect. Mean and standard deviations of the B-galactosidase values are given.
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TABLE 6. Summary of expression patterns and effects of
RpoS on the Fis-repressed lac fusions

Locus Expression® Effect of RpoS”
frg-725 Early log None
frg-733 Early log None
frg-15 Mid log ND
frg-509 Mid log ND
frg-566/567 Mid log None
8lnQ-732 Mid log Inhibits slightly
mglA-543 Mid log Inhibits
sdhA-133 Mid log Inhibits
xylF-103 Late log Inhibits
frg-502 Stationary Activates
frg-541 Stationary Inhibits slightly
aldB-731 Stationary Activates
frg-734 Stationary Activates

“ Time of maximum expression in fis* cells: early log is considered approxi-
mately 1 h after subculture, mid log is 2 to 3 h after subculture, late log is 3 to
4 h after subculture, and stationary is =6 h after subculture (Fig. 2).

b Activation or inhibition of expression by RpoS. ND, not determined.

associated with the cell membrane or periplasm. We have
observed that fis mutant cells display increased sensitivity to
certain basic dyes and hydrophobic compounds, reflecting an
increased permeability of the membrane, and that they have a
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propensity to clump (49). Thus, the absence of Fis may result
in changes in the cell membrane.

In all cases tested, Fis-mediated inhibition of gene expres-
sion can also be observed with the corresponding operon fu-
sions, suggesting that the control by Fis is largely at the RNA
level. In the case of xylF-103, the effect of Fis on the operon
fusion expression was significantly less than that measured with
the protein fusions, implying that a posttranscriptional control
mechanism may be operating. The molecular mechanisms re-
sponsible for Fis-mediated repression of these genes remain to
be investigated, although previous studies on autorepression of
fisP may be applicable (4, 32). Six Fis-binding sites are present
in the extended promoter region of fis. Binding of Fis at two of
the high-affinity sites was shown to exclude the binding of RNA
polymerase in vitro (4). A similar mechanism may be involved
in mediating Fis repression of some of the genes involved in
this study. For example, we have recently found that multiple
Fis-binding sites are present in the aldB promoter region (49).
One of the high-affinity Fis-binding sites is located in a region
directly overlapping the aldB promoter sequence, which pre-
sumably would interfere with binding of the RpoS form of
RNA polymerase. Modulation of gene expression by Fis could
also occur by an indirect mechanism, such as by affecting ex-
pression of genes whose products regulate the expression of
the identified genes or by affecting the local topology of DNA
by its promiscuous binding and bending properties. Indeed, the
derepression of Mu early gene expression in the absence of fis
is believed to be due to a decreased function of the repressor,
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FIG. 4. Effects of RpoS on the expression of xy/F-103 and sdhA-133. Levels of expression of the XylF-103 LacZ protein fusion (A), SdhA-133 LacZ protein fusion
(B), and xylF-103 lacZ operon fusion (C) in the presence (triangles) or absence (circles) of RpoS were determined. The rpoS mutation (katF13::Tnl0) was introduced
into CAG4000 containing the fusions by P1 transduction. Fourteen-hour cultures were subcultured (1/100) into fresh LB medium and incubated at 37°C with agitation.
Samples were removed at 1-h intervals, and cell densities (open symbols) and B-galactosidase activities (closed symbols) were measured. OD, optical density.
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as opposed to a direct effect on repressor synthesis (5). A
general effect of a fis mutation on osmoregulation causing the
increase in LacZ levels of the frg fusions is considered unlikely,
since most of the frg fusions do not display increased expres-
sion levels upon a shift to high medium osmolarity in fis* cells
(49).

Expression patterns of genes negatively regulated by Fis.
Many of the fusions that are negatively regulated by Fis are
expressed differentially during the course of the growth cycle
(summarized in Table 6). The growth phase regulation is often
most prominent in fis mutant cells in which their overall ex-
pression levels are elevated, resulting in an amplification of the
temporal expression changes. Thus, Fis contributes to the con-
trol of their expression as a function of the growth phase,
though in no case is Fis the sole regulator in this regard.

Maximal expression of two of the fusions (frg-725 and fig-
733) occurs immediately after subculturing, particularly in fis
mutant cells. Fis may be normally functioning to inversely
regulate the levels of these genes with respect to growth rate.
Under nutrient-rich conditions when Fis levels are high, ex-
pression levels of these genes are low. On the other hand,
under nutrient-poor conditions when Fis levels are low, tran-
scription of these genes may be induced. Identification of the
products of these genes may reveal them to be important for
growth under suboptimal conditions.

The other frg genes that are maximally expressed from mid-
to late exponential phase show a high diversity in both func-
tions and expression patterns. sdhA, encoding the flavin-con-
taining subunit of succinate dehydrogenase, which is a critical
component of the tricarboxylic acid cycle, is regulated by many
factors. The general regulators Fnr and ArcA have previously
been shown to inhibit its expression (17). We have found that
both Fis and RpoS also negatively regulate sdhA expression.
Fis has the largest repressing effect on xylF-103 and the fig-
566/567, frg-15, and frg-509 family of genes, in which there are
up to 10-fold differences in expression of the protein fusions.
Clearly, Fis is a very important regulator of these genes.

A few loci whose expression is inhibited by Fis are induced
during the transition from exponential phase to stationary
phase. The effects of Fis at this time in the growth cycle were
unexpected, since cellular Fis levels are decreasing rapidly to a
few percent of their peak concentration (4). However, it is
apparent that this level must be sufficient to either directly
reduce expression of these genes or establish an inhibitory
cascade. The high levels of Fis present in exponentially grow-
ing cells may contribute to the very low level of transcription of
these genes at this time. However, Fis cannot be the only factor
responsible for the low expression of these genes during expo-
nential growth, since low levels are present in both fis™ and fis
mutant cells at early time points (e.g., fig-502, frg-541, and
frg-734 in Fig. 2). Some of these genes (e.g., aldB-731 and
frg-734) require the stationary-phase sigma factor RpoS, which
may be primarily responsible for controlling their growth phase
expression.

The influence of Fis on the expression of these fusions im-
plies an important role by this protein in controlling the bal-
anced expression of a group of late-exponential- and station-
ary-phase genes which may be required for survival under
stress conditions. The regulation of Fis expression with respect
to the growth phase is most likely critical in mediating this
effect. In support of this, we have found that constitutive ex-
pression of Fis in stationary phase markedly reduces long-term
survival potential (36). On the other hand, the complete ab-
sence of Fis compromises cells with respect to resistance to
certain stress conditions, since fis mutant cells in stationary
phase are more sensitive to high-temperature treatment than
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(open symbols) and B-galactosidase activities (closed symbols) were measured.
OD, optical density.

wild type (49). We expect that many of the late-exponential-
and stationary-phase genes that we have identified may encode
products which are important for coping with various stress
conditions.

RpoS can inhibit gene expression. RpoS was originally iden-
tified as a sigma factor required for the expression of a number
of stationary-phase genes or genes turned on under starvation
conditions (15, 21, 24). The ability of RpoS to inhibit expres-
sion of certain genes in E. coli has been implied from two-
dimensional gel analysis (23). Very recently, expression of the
stiB gene of Salmonella typhimurium was reported to be re-
duced by RpoS under phosphate and carbon starvation (34).
We have identified five additional genes in this paper whose
expression is reduced by the presence of RpoS (Table 5 and 6).
Limited expression of these genes in late exponential and sta-
tionary phases may help conserve valuable components needed
for long-term survival. For example, the inhibitory activity of
RpoS appears to be functioning to maintain a constant expres-
sion level of sdhA in stationary phase. Without RpoS, levels of
B-galactosidase produced from the sdhA-133 lacZ protein fu-
sion are elevated three- to fourfold during stationary phase
(Fig. 4B). During the latter part of exponential growth, the
inhibitory function of Fis is playing a more prominent role
(Fig. 2D). Thus, these two regulatory proteins are coordinately
acting to regulate the temporal expression of sdh4. RpoS and
Fis are also both functioning to decrease transcription of xy/F-
103 during the late exponential and stationary phases. The
absence of either RpoS or Fis results in about a 7-fold increase
in LacZ activity after 7 h of growth, while the absence of both
regulatory proteins results in a 12-fold increase in LacZ activity
(Fig. 2E, 4A, and 5). Thus, for xylF-103, the inhibitory effect of
Fis is not mediated exclusively through RpoS. It is apparent
that additional factors are functioning in the growth phase-
dependent expression of xy/F-103, since the overall temporal
pattern is maintained in the absence of both RpoS and Fis.

There are several mechanisms by which RpoS could be re-
ducing the expression of these genes. Since RpoS is a sigma
factor, its inhibitory activity on specific genes could be indirect
by activating transcription of repressor genes. Alternatively,
RpoS may be able to bind DNA without the associated core
polymerase, as has been shown for RpoN (6), and thus func-
tion directly as a repressor. Another possibility is that the
elevated levels of RpoS in stationary phase may result in com-
petition of RpoS with RpoD for binding to core polymerase
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molecules whose levels remain relatively constant through the
growth cycle (10). This may cause a modest decrease in the
transcription of certain RpoD-dependent genes, such as has
been observed with frg-541 and glnQ-732.

Conclusion. The accumulating evidence indicates that Fis
modulates the expression of a variety of genes which function
under different physiological conditions. It activates promoters
controlling genes such as rRNAs and tRNAs which need to be
expressed at maximal levels during rapid exponential growth.
Fis also reduces the expression of specific genes whose normal
expression is maximal in early exponential phase, mid- to late
exponential phase, or stationary phase. Many of these genes
are related, in that they are required for growth under subop-
timal nutrient conditions. Fis can regulate promoters which are
RpoD (07%) dependent (30, 38, 41), RpoS (0°®) dependent
(this study), and RpoH (0*%) dependent (28). The magnitude
of the effect of Fis on gene expression varies and may be small
relative to a specific regulator(s) for the particular gene. How-
ever, its ability to affect the expression of such a wide variety of
genes indicates that Fis is an important global regulator of
gene expression that has been recruited to play disparate roles.
Other abundant nucleoid-associated proteins such as IHF,
H-NS, and Dps/PexB also have been shown to control the
expression of a variety of specific genes (1, 9, 42).

While Fis is expressed maximally in early to mid-exponential
phase or in rapid growth conditions in steady-state cultures,
expression of RpoS is turned on in late exponential phase and
stationary phase (10, 45). RpoS is required for the transcrip-
tion of a set of genes that are important in stationary phase (15,
21), and it directly or indirectly inhibits expression of some
genes which are presumably not required in large amounts
during stationary phase (this study and reference 23) but may
be beneficial for rapid exponential growth. High levels of ex-
pression of such genes may, in fact, be deleterious to long-term
survival under starvation conditions. Neither RpoS nor Fis is
essential under standard laboratory culturing conditions, yet
artificially altering their cellular levels can have profound
pleiotropic effects. With respect to prolonged survival in sta-
tionary phase, overexpression of Fis (36) or underexpression of
RpoS is detrimental (15, 21).
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